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Abstract 
 
In this thesis metamaterial radar absorbers and plasmonic structures have been 
investigated. Following a brief overview covering metamaterial structures, and their 
applications in various areas of Microwave Engineering, a novel thin metamaterial 
wideband radar absorber, formed by two layers of resistive Hilbert curve arrays, is 
proposed and analysed numerically in HFSS, revealing a reduction in Monostatic 
Radar Cross Section (RCS) of more than 10 dB from 9.1 to 18.8 GHz (70% fractional 
bandwidth) for both polarizations. The structure has thickness of only 0.11λ to 0.24λ at 
lowest and highest frequencies respectively.  The lateral dimensions are only 0.13λ to 
0.3λ per unit cell at lowest and highest frequencies respectively which is several times 
smaller than that of recently reported circuit analogue absorbers operating in the 
similar frequency band. Furthermore, a wideband terahertz Hilbert curve array is 
proposed and analyzed both theoretically and numerically, showing an absorption 
bandwidth of more than one octave. This was followed by study of plasmonic cloak 
for subwavelength conducting objects. It was demonstrated that a plasmonic cloak 
designed for a conducting sphere will work for non spherical conducting objects of 
similar dimensions as well. Finally spoof plasmonic structures were investigated. A 
novel plasmonic structure based on a modified Apollonian fractal array of cylindrical 
coaxial apertures in an aluminium sheet was proposed and analyzed. The structure 
exhibits negative group velocity with less than 3.5 dB attenuation. Plasmonic structure 
based on Sierpinski array of apertures was also investigated and found to give quite 
good extraordinary transmission bandwidth.  
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Chapter 1 
 Introduction 
 
1.1 Background 
 
Metamaterials are artificial electromagnetic materials, which give electromagnetic 
properties not available in natural materials [1]. They are usually fabricated using 
several materials or by making a pattern in a single material to obtain desired 
properties [1-17].  
 
Most common types of the metamaterials are the Photonic crystals [12-16] (also called 
EBG, or Electronic Band Gap materials), left handed (simultaneously negative 
permittivity and permeability) materials [1], Metasurfaces (2D metamaterial)[11] and 
plasmonic (materials with permittivity less than one) materials[4]. 
 
Photonic Crystals are periodic structures and are usually made from dielectrics [12-
16]. Photonic crystals allow transmission of electromagnetic waves in certain 
frequency bands, and block the transmission in others [12-14]. As Photonic crystals 
block transmission in certain frequency ranges, they are also called EBG (Electronic 
Band Gap) materials 
 
Left handed materials are materials in which both the permittivity and permeability are 
negative. Such materials were first studied by Veselago in 1968 [19]. In that paper 
 16
Veselago analyzed the properties of such materials and showed that they have negative 
refractive index, and negative phase velocity.  
 
However at the time of Veselago there was no material known that possessed both 
negative permittivity and negative permeability. Metals, semiconductors, and ionized 
gases have negative permittivity, and ferrite materials have negative permeability in a 
certain frequency range. However there was no known material in which both 
permittivity and permeability were negative 
 
Finally left handed materials were realized from metallic structures such as arrays of 
thin metallic wires and open metallic rings (called SRR or Split Ring Resonators)[2]. 
Thin wires gave negative permittivity, and the split rings provided negative 
permeability. Later left handed materials were realized by loading a transmission line 
with inductors and capacitors [7-10].  
 
For many applications such as absorbers the important parameter is the surface 
impedance. For such applications 2D metamaterials, also called metasurfaces are used 
to obtain the required surface impedances which are not easily available in the required 
frequency range [11, 12]. Examples of metasurfaces are the AMC (Artificial Magnetic 
Conductor) [12], artificial plasmonic surfaces [16], and artificial capacitive sheets for 
radar absorbers [18].  
 
Plasmonic metamaterials are defined as materials with negative electric polarizability, 
which means a permittivity of less than one. In nature plasmonic behaviour is found   
in ionized gases, semiconductors and metals. The reason for the aforementioned 
 17
behaviour is that electrons or for that matter any charged particles take finite time to 
respond to a varying electric field. When an electric field is applied to a conductor, it 
causes movement of electrons in the conductor, and this movement of electrons 
generates an internal electric field opposite to the applied electric field [3]. This 
situation is similar to a simple harmonic oscillator [3].  As the frequency increases the 
response of electron will lag more and more behind the driving field. At a certain 
frequency, called the plasma frequency, the electrons will start to oscillate just like it is 
the case in a simple harmonic oscillator. The frequency at which electrons start to 
oscillate is called the plasma frequency. Just below the below the plasma frequency the 
response of the electrons to the applied field lags to such an extent that the resulting 
permittivity is negative. 
 
 Natural plasmonic materials are found only in certain frequency ranges and in the case 
of gases are not practical to use for many microwave systems. For this reason artificial 
bulk plasmonic materials and artificial plasmonic surfaces are needed [3]. As 
mentioned earlier an array of thin wires has negative permittivity below the plasma 
frequency. An array of thin wires is thus a bulk plasmonic material. The permittivity 
changes from positive to negative at the plasma frequency.  
 
1.2 Motivation 
 
As mentioned earlier in the discussion, metamaterials provide electromagnetic 
characteristics not readily available in nature. This makes them very interesting and 
useful for a wide range of microwave applications, ranging from compact phase 
shifters to efficient antennas. Because of the aforementioned useful attributes of 
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metamaterials, it was decided to investigate metamaterial structures for three closely 
related applications: absorbers, cloaks, and artificial plasmonic structures. 
 
 1.3 Aims and Objectives 
 
The work in this thesis mainly concerns with metasurface based wave absorbers and 
artificial plasmonic surfaces.  Aim of this work was to design novel metamaterial 
structures for use as radar absorbers and artificial plasmonic surfaces, furthermore  
the investigation of cloaking using plasmonic material was also intended. 
 
Electromagnetic wave absorbers find a wide range of applications from the 
construction of anechoic chambers to reducing the radar signature of objects.  
Objective of the work on absorber was to design an absorber which is thin, light 
weight, doesn’t require use of expensive materials and can be used over a wide 
frequency range i.e. the same concept can be applied to construct an absorber 
functioning at a different frequency.  
 
Furthermore the objective in the investigation of plasmonic cloaking was to study the 
effect of geometric shape and the size limit for a simple plasmonic cloak. Moreover it 
was intended to study artificial plasmonic surfaces and to propose novel plasmonic 
structures. 
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1.4Scope 
 
The work covered metamaterial radar absorbers and plasmonic structures. Three 
different but interrelated topics were studied in course of this investigation; radar 
absorbers, plasmonic cloaking, and artificial plasmonic materials. Absorbers and 
cloaking are closely interrelated as both seek to reduce the radar signature of the 
object. An absorber accomplishes this by absorbing the incoming radiation, whereas 
cloaking by guiding the incoming wave around the object. Artificial plasmonic 
structures support plasmonic waves far below the frequencies at which they are found 
in nature. Such structures are very useful for studying the behaviour of plasma waves. 
A lossy artificial plasmonic surface can act as a radar absorber, as has been 
demonstrated later in this work. 
 
1.5 Approach 
 
The structures in this work were analyzed using HFSS. HFSS is a full wave frequency 
domain modelling. In the last chapter CST, which is a time domain full wave 
electromagnetic simulation software was also used along with HFSS.  
 
Various types of traditional and metamaterial absorbers were studies and finally it was 
concluded that an absorber based on resistive Hilbert curve would be suitable. The 
advantages of the Hilbert curve absorber proposed in this work are its broad bandwidth 
and smaller unit cell size. Smaller unit cell size has the advantage of eliminating the 
unwanted diffraction effects. 
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A novel metamaterial absorber based on resistive Hilbert curve array was then 
proposed and numerically analyzed using HFSS [20].  The geometric parameters were 
optimized using the optimization module of HFSS. In this work instead of using a 
traditional conducting Hilbert curve, Hilbert curves constructed of graphite were used. 
The advantage of using a resistive material for the Hilbert curve is the availability of a 
wide absorption bandwidth. The absorber provided much wider bandwidth than the 
standard absorbers. Furthermore the concept was then extended to terahertz absorbers 
and a novel wide band terahertz absorber based on resistive Hilbert curve was 
presented and analyzed [21].  
 
For the first time cloaking of non spherical subwavelength objects using a plasmonic 
cloak was investigated. The cloaked structures were numerically analyzed using HFSS. 
Moreover the cloak was analyzed for increasing wavelength normalized size in order 
to investigate the limitation of the cloak designed for subwalength spherical targets. 
 
Finally artificial plasmonic surfaces based on the arrays of apertures in a conducting 
surface were analyzed numerically, including a novel artificial plasmonic surface 
based on a modified Apollonian fractal. The modified Apollonian fractal surface was 
observed to give negative group velocity for the wave transmitted through it. Negative 
group velocity is a very interesting phenomenon as it concerns issue of causality and 
relativity. Finally a novel plasmonic absorber was proposed and numerically analyzed . 
The structure gave wide absorption bandwidth for both the normal and oblique 
incidences.  
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1.6 Summery 
 
In this work a novel metamaterial absorber based on resistive Hilbert curve array is 
proposed and analyzed [20]. The structure gave a wide absorption bandwidth [20] 
unlike traditional conducting Hilbert curve absorber which is narrow band [20]. The 
structure has a unit cell much smaller than the wavelength hence diffraction effects are 
eliminated [20]. In addition to the microwave absorber a terahertz absorber based on 
the same resistive Hilbert curve array concept was proposed and analyzed. The 
absorber provided much wider bandwidth than the standard terahertz absorbers [21]. 
 
Both the microwave and terahertz absorber were also analyzed for oblique incidence 
and sensitivity to the variations in design parameters. From the results it was observed 
that the absorber performance is not very sensitive to the variations in the design 
parameters and has a wide absorption bandwidth even at oblique angles of incidence. 
 
The concept of plasmonic cloak was extended for the first time to non spherical 
subwavelength objects [22,23] and limitation of subwalength approximation was also 
investigated. From the results it was concluded that the concept is applicable even to 
the non spherical geometries as long as the object is smaller than the wavelength.  
 
Furthermore work on artificial plasmonic structure gave interesting results. Wide band 
extraordinary transmission band was observed for proposed plasmonic structure. 
Moreover a completely novel artificial plasmonic structure based on array of 
Apollonian fractal array of aperture in a conducting surface was analyzed and the 
results showed the interesting phenomenon of  negative group velocity. Finally a novel 
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plasmonic radar absorber was proposed and analyzed and the results showed a wide 
absorption bandwidth for the plasmonic radar absorber for normal and oblique 
incidence. 
 
1.7 Thesis Layout 
 
In the next chapter an overview of metamaterials is given. This followed by the design 
and analysis of the Hilbert curve absorber for microwaves and terahertz frequencies in 
Chapters 3 and 4. A survey of various types of absorbers was done as described in 
Chapter3. A metamaterial absorber based on resistive Hilbert curve was then proposed 
and numerically analyzed using HFSS [20]. The absorber gave much wider bandwidth 
than the standard absorbers. Furthermore the concept was extended to terahertz 
absorbers and wide band terahertz absorber based on resistive Hilbert curve was 
presented and analyzed[21].  
 
Chapter 5 discusses plasmonic cloaking of subwavelength conducting objects[22,23]. 
The aim was to investigate reduction of the radar signature of objects by using a 
plasmonic cloak.  
 
In Chapter 6 negative group velocity and extraordinary transmission through artificial 
plasmonic surfaces is discussed. A radar absorber based on an artificial plasmonic 
structure has also been proposed and analyzed in Chapter6.  Finally in Chapter 7 
conclusions and potential for future work are described. 
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Chapter 2 
 Theory and Overview of Metamaterials 
 
 
2.1 Introduction 
 
Wave propagation in a material is controlled by the permittivity, permeability and 
conductivity of the material. Consider the case of plane wave propagation in an 
isotropic material with zero conductivity. The complex propagation constant and 
characteristic impedance are given by the following equations [24]. The dielectric and 
magnetic losses are incorporated in the values of permittivity and permeability  
 
j jγ α β ω µε= + =                                                                                 (2.1a) 
 
µη ε=                                                                                                       (2.1b) 
 
If both the permittivity and permeability are real and have the same sign, the 
propagation constant will be purely imaginary, meaning a propagating wave. The 
impedance will be real in this case. 
 
In the case where one of these constitutive parameters is negative, the complex 
propagation will be real, and the impedance will be imaginary, i.e. either inductive or 
capacitive. 
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The case in which both the constitutive parameters are negative is rather tricky. Due to 
the square root in (2.1a), the sign of β can either be positive or negative. The ambiguity 
can however removed through following analysis [24]. 
 
ˆk kβ=v                                                                                                                  (2.2a) 
 
k H Eωε× = −v uuv uv                                                                                                       (2.2b)                         
 
ˆ ˆ ˆk H Eεε→ × = −                                                                                                  (2.3a) 
 
ˆ ˆ ˆk E Hεε→ = ×                                                                                                      (2.3b) 
 
Similarly 
 
k E Hωµ× =v uv uuv  
 
ˆ ˆ ˆk E Hµµ→ × =                                                                                                (2.4a) 
 
 
ˆ ˆ ˆk E Hµµ→ = ×                                                                                                 (2.4b) 
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where the hat denotes unit vector parallel to the vector. From the Poynting Theorem 
for the energy flow vector 
 
ˆ ˆ ˆS E H= ×                                                                                                            (2.5) 
 
 Comparing (2.5) with (2.4) and (2.3) it can be observed that if both the constitutive 
parameters are positive then the S and k vectors are parallel and we have normal wave 
propagation. If however both the constitutive parameters are negative than the S and k 
vectors are antiparallel, meaning the k vector is pointing towards the source. The β is 
also therefore negative as implied by (2.1). As for the impedance, it will be positive 
because for any passive system the real part of the impedance has to be positive. 
 
In the case where only one of the constitutive parameters is negative, the propagation 
constant will be real, and therefore only an evanescent (decaying) wave will exist.  The 
propagation constant has to be positive as the wave is decaying away from the source 
(using ze γ− convention). In the case of the impedance the same problem of ambiguity 
arises, i.e. is the impedance inductive or capacitive. 
.  
The ambiguity can be solved by analyzing a standard transmission line. The 
transmission line can be modelled as series inductors and shunt capacitors. If the 
permittivity is negative, the shunt capacitance will be negative. Negative capacitance 
can be modelled as shunt inductance. The transmission line is thus reduced to a 
network of inductors. It can therefore be assumed that negative permittivity will result 
in inductive characteristic impedance. By the same reasoning negative permeability 
will result in capacitive impedance.  
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2.2 Types of Metamaterials 
 
Metamaterials can be realized from a wide range of structures. Below is an overview 
of the commonly used metamaterial structures. 
2.2.1 Resonant Structures 
 
 They are constructed from structures having electrical and magnetic resonance [3, 4]. 
The operating principle of such resonant structures is as follows: the response of 
electric plasmas and magnetic dipole lag by about 180° with respect to the Electric and 
Magnetic fields when the frequency is slightly below the resonance [3-5]. In the case 
of a magnetic dipole, the magnetic moment will lag by nearly 180° with respect to the 
H field, which translates into permeability being negative or less than one [4]. By the 
same reasoning it can be shown that electric resonant structures will provide 
permittivity less than one, (either negative or positive) at frequencies just below the 
resonance [3]. 
 
Using both electric and magnetic resonant structures it is possible to have both 
permeability and permittivity negative [2]. 
 
Theoretical analyses of low frequency plasma wave structures based thin metallic 
wires for negative permittivity materials and negative permeability material based on 
split ring resonators are given in [4, 5]. A later practical negative refractive index 
medium using thin wires and split ring resonators was first demonstrated in [2]. A brief 
description of thin wire plasmonic structures and split ring resonators is given bellow.   
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2.2.1.1 Plasma Waves and Thin Wire Plasmonic Structures 
 
Plasma waves are also called space charge waves. These occur in conductors and 
semiconductors. These waves arise because electrons or for that matter any charged 
particles take finite time to respond to a varying electric field. 
 
When an electric field is applied to a conductor, it causes movement of electrons in the 
conductor, and this movement of electrons generates an internal electric field opposite 
to the applied electric field [3]. This situation is similar to a simple harmonic oscillator 
[3]. 
 
In ordinary conductors, the plasma frequency ranges from visible to near ultraviolet, 
whereas in the case of semiconductors, it ranges from millimetre waves to infrared [3]. 
In order to create low frequency plasmonic material, one would need to increase the 
effective mass of the electrons [3]. 
 
This is accomplished using an array of thin metallic wires [3]. Thin wires have high 
inductance [18] and the inductance of wires increases the effective mass of electrons 
[3]. How the inductance increases the effective mass can be explained as follows [3]. 
Effective mass is the ratio of the applied force to the acceleration of an electron. 
Acceleration of electrons means change in current, as the current is directly 
proportional to the drift velocity of electrons. Inductance hinders change in current, 
and consequently opposes acceleration of electrons, thus increasing the effective mass. 
Square of plasma frequency is directly proportional to the density and inversely 
proportional to the effective mass of electron [3]. Using thin wires therefore it is 
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possible to bring plasma frequency into microwave region. A thin wire array 
plasmonic structure is shown in Fig. 2.1 [3]. 
 
 
 
 
 Fig 2.1 Thin wire array for low frequency plasmonic structure. 
 
Plasma frequency and effective permittivity of such a structure is given by following 
formulas [3] 
 
 
2
ln
p
c
aa
r
πω = ⎛ ⎞⎜ ⎟⎝ ⎠
                                  (2.6) 
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                       (2.7) 
 
where a is spacing between wires, r is radius of wires, c is velocity of light in free 
space, and σ  is conductivity of the metal used . 
 
2.2.1.2 SRRs (Split Ring Resonators) 
 
A split ring resonator is constructed by having two concentric metallic rings, with a 
gap in each ring, and the gaps are 180◦ apart. A split ring resonator is shown in the Fig 
2.2 [4, 5]. 
 
 
Fig 2.2  A split ring resonator. 
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An actual negative permeability material is constructed using  a 3D array of split ring 
resonators [4, 5].  The split ring resonator acts as an artificial magnetic dipole [4, 5]. 
The gap between inner and outer ring acts as a capacitor while the rings themselves act 
as an inductor, resulting in an LC resonant circuit [5].  Just below resonance, the 
magnetic dipole due to the split rings will lag the H field by roughly 180 degrees 
resulting in negative permeability.  Permeability of a split ring resonator array is given 
by the following formula [5], 
 
 
2
2
2 3 0
1 3 21
2ln
eff
r
a
lc l i
b rr
d
π
µ σ
ω µπω
= −
− +⎛ ⎞⎜ ⎟⎝ ⎠
                 (2.8) 
 
where r is the inner radius of the inner ring, b is thickness of the ring, d is the spacing 
between rings a is the lattice constant of a 3D SRR in the plane of the rings, l is the 
lattice constant along the axis of  the rings.  
 
Besides bulk metamaterial, an array of split ring resonators can also be used as a 
metasurface. 
 
2.2.2 Transmission Line Based Structures. 
 
Initially metamaterials were based on resonant structures [3-5]. Resonant structures are 
lossy and narrow band, as can be deduced from the formulas for their effective 
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constitutive parameters, which limits their useful application. To solve this problem a 
new class of metamaterials based on a periodically loaded transmission line was first 
proposed in [6] . 
 
The concepts described below have been presented in [6-8]. In a standard transmission 
line, inductance is in series and capacitance in parallel, as shown in the Fig. 2.3. 
 
 
Fig 2.3 Right handed transmission line. 
 
In Fig. 2.3, BC  is capacitive susceptance and XL  is inductive reactance.    Susceptance 
of a capacitor and reactance of an inductor are positive, meaning both per unit length 
reactance and susceptance are positive. However, if capacitors are inserted in series 
and inductors in parallel, as shown in the Fig. 2.4, the transmission line (TL) per unit 
length impedance will become capacitive and admittance inductive (if the values of 
capacitors and inductors are chosen properly), i.e. both per unit length reactance and 
susceptance will be negative [6].  
 
Fig 2.4 Left handed transmission line.  
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The above mentioned loaded TL is equivalent to a standard TL with negative per unit 
length inductance and capacitance. Negative inductance can in turn be modelled by 
placing a standard TL in a medium with negative magnetic permeability and negative 
capacitance by placing the TL in a medium with negative permittivity [6]. 
 
It can be concluded from the above discussion that if both per unit length reactance and 
susceptance are made negative, the TL can be modelled by an unloaded TL placed in a 
medium with simultaneous negative permittivity and permeability [7]. 
 
The TL approach offers the advantage of ease of fabrication (as it is a planar structure, 
unlike SSR based negative refractive index (NRI) material), low loss, and wider 
bandwidth of negative refractive index operation [6]. 
 
A real TL will always have parasitic shunt capacitance and series inductance. 
Therefore, in case of a practical periodically loaded TL, the equivalent circuit is shown 
in the Fig. 2.5 [9]. 
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Fig 2.5 CLRH Transmission line 
 
Such TL is called Composite Left/Right Handed (CRLH) TL [10,11].The per unit 
length impedance and admittance are given by following equations, provided the size 
of unit cell is considerably smaller than the wavelength of operation [9,24]. 
 
1   L C s
s
x x x L
C l
ω ω= + = −                      (2.9a) 
1
C L p
p
b b b C
L l
ω ω= + = −                        (2.9b) 
   z jx=                                                    (2.9c) 
y jb=                                                       (2.10d) 
 
 
where x, b, z, and y are per unit length reactance, susceptance, impedance and 
admittance respectively; Ls and Cp are per unit length intrinsic inductance and 
capacitance, Lp and Cs are per unit cell shunt inductance and series capacitance of the  
loading elements added to transmission line, and finally l is length of unit cell.  
 
It can be concluded from (2.9a) and (2.10b) that for frequencies below the resonance 
of the series branch, per unit length reactance is negative, which means effective per 
unit length inductance is negative, which in turn means that effective permeability is 
negative. Using similar arguments, it can be said that for frequencies below resonance 
of the shunt branch, effective permittivity will be negative [9].  
 
If both permittivity and permeability are negative then, phase velocity is also negative 
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and the transmission line is left handed. If only one of the effective constitutive 
parameter is negative, then phase velocity and impedance will be imaginary, 
corresponding to a stopband of the transmission line. When series and shunt branches 
have the same resonant frequency, there is no stopband [7,9]. 
 
For unit cell size comparable to wavelength, the ABCD matrix of the unit cell has to 
be calculated. Using the Bloch condition phase velocity and impedances can obtained 
[18] where ABCD matrix formulation and Bloch boundary condition are used to relate 
voltage and current of consecutive cells, obtaining set of two equations, one describing 
the dispersion (ω-k) relationship of TL and other giving characteristic (in this case 
called Bloch) impedance of the TL for a given frequency [24].  
 
The Bloch theorem deals with solution of differential equations under periodic 
boundary conditions, and usually it is used in problems of wave propagation in 
periodic media, which also include problems like calculating the wave function of an 
electron in a solid [24]. Bloch boundary condition basically means that fields in a unit 
cell must differ from another unit cell in that periodic structure only by a complex 
multiple [24]. 
 
There are two important characteristics of wave propagation under Bloch boundary 
condition: the first is; there is the stop band, i.e. there is range of frequency for which 
propagation constant is real and hence there is no propagation [24]. A signal with 
frequency in the stop band of a periodically loaded TL will be reflected. The second 
important characteristic is that the wavevector is negative with respect to group 
velocity vector, below the stopband [24].  
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The analogues case in solid state physics is the presence of electronic band gap, and 
electrons having negative wave vector (with respect to direction of motion) in valence 
band, which results in valence band having effectively positively charged carriers 
known as  holes [24]. 
 
Similar situation occurs in periodically loaded CLRH TLs. There is a stopband, a left-
handed (LH) passband below the stopband , and RH passband above the stopband [8-
10].There is another interesting feature in CLRH TLs, the phase velocity in the vicinity 
of the stopband is much higher than velocity of light in the surrounding medium[7-10]. 
The supraliminal phase velocity results in waves radiating out of the transmission line, 
and this effect has been utilized to create antennas [10]. 
 
When Bloch boundary condition is applied to periodically loaded TL, one gets an 
equation relating ω and k, the slope of k-ω plot gives the group velocity whereas ω/k 
gives phase velocity at a given frequency [24]. Group velocity gives the velocity at 
which a narrow band signal will travel along the TL; this has to be positive as a signal 
will always travel from source to the receiver [24]. Phase velocity on other hand gives 
rate of change of phase along TL, and can be either positive or negative , however for 
normal TLs the phase velocity is always positive [7-9,24]. From ω-k relationship, one 
can calculate stopbands, RH passbands and LH passband for a periodic structure, such 
as a periodically loaded TL[7].  
 
If instead of using standard capacitors, varactors are used, one can have  a tuneable 
transmission line. The propagation constant and impedance of the transmission line 
can be adjusted by changing the biasing of the varactors. Such a tuneable transmission 
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line was first proposed in [10].  
 
 
 
2.2.3  FSS (Frequency Selective Surfaces) and Metasurfaces 
 
A frequency selective surface allows transmission of an incident wave within a certain 
frequency range. They can be low pass, high pass, band pass or band reject [11]. 
Metasurfaces are 2D metamaterials and usually based on FSS [12] 
 
A frequency selective surface is usually either a metallic sheet with openings/apertures 
of certain shapes, or a pattern of metallic patches on a dielectric sheet [11]. 
Transmission characteristics of a FSS depend on the shape of the openings/apertures in 
the case of a metallic sheet and the geometry of metallic patches in case of  a dielectric 
sheet [11]. SRR and complementary split ring resonator (CSRR) could be considered 
as special cases of FSS. FSS based metamaterials are usually constructed by making a 
periodic array of FSS [11]. Other types of FSS based metamaterials also exist for 
example a periodic structure with a unit cell of a FSS separated from a PEC layer by a 
dielectric spacer [12]. 
 
FSS based metamaterials can be designed to have a wide range of electromagnetic 
properties, for example effective negative permittivity, permeability or both i.e. having 
a NRI [11].  
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In the case of waveguides, per unit susceptance and reactance are not easy to calculate, 
so another approach is used to check existence of a NRI frequency band. 
 
In his paper Veselago [19] showed that in NRI material, the phase velocity (ω/k) is 
opposite to the group velocity (dω/dk). So by calculating the ω-k relationship, bands of 
positive and negative refractive index can be found. The above approach can also used 
with any other material, including TLs [7,11]. 
 
The procedure can be roughly described as follows [11]. First calculate ABCD 
matrices for the FSS and the region of free space, dielectric or magnetic material lying 
between the FSS in each unit cell. The ABCD matrix in this case relates E and H 
instead of V and I at the input and output of the unit cell [11]. The ABCD matrix of the 
unit cell is then simply the product of FSS and inter-FSS spacing ABCD matrices. By 
imposing Bloch’s boundary condition on E and H, the band diagram can be calculated 
in a similar manner as in the case of a periodically loaded transmission line. 
 
The region with negative dω/dk corresponds to DNG (Double negative, i.e. both 
permittivity and permeability are negative) region, the stopband to either ENG (Electro 
Negative i.e. negative permittivity) or MNG (magneto Negative), and positive dω/dk 
represents normal right handed transmission. The above mentioned procedure can also 
be used for periodic arrays of FSS in free space or a dielectric. FSS loaded waveguide 
is shown in the Fig. 2.6 [11] 
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Fig 2.6. FSS loaded waveguide [11]  
 
 
 
 
 
Fig 2.7 Example of FSS:  a) Cross, b) Jerusalem Cross, c) Square loop  [11]   
 
 
A Jerusalem cross loaded waveguide is shown in the Fig. 2.8 [11]. 
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Fig 2.8.  Jerusalem cross loaded waveguide [11]   
  
FSS based metamaterials have found several applications.  High impedance FSS can 
be used to design artificial ferrite materials or metaferrite, using just ordinary metals 
and dielectric [12]. Fig 2.9 shows an FSS based metaferrite 
 
 
 
Fig 2.9 FSS based metaferrite (HZ stands for high impedance, EBG for Electric Band 
Gap) , also compared to an equivalent structure based on natural ferrite [12] . 
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 A very thin radar absorber can be designed by making the FSS based metaferrite lossy 
[13]. A metamaterial absorber based on a similar metasurface has been proposed and 
investigated in this thesis. 
 
2.2.4 Photonic Crystal Metamaterials 
 
Photonic crystals are periodic structures made of dielectric, semiconductor or metals.  
Photonic crystals can be used to get desired electromagnetic properties such as NRI 
[13-17]. 
 
Just like a periodically loaded transmission line, photonic crystals have stop bands and 
pass bands [16]. Just as in the case of a TL the pass bands with negative ω-k slope will 
have negative phase velocity. The unit cell of the structure used in [16] and its band 
diagram (ω-β) are shown in the Fig. 2.10. 
 
 
 
 
 41
Fig 2.10 a)Unit cell of DNG material based on cluster of dielectric cubes [16]. Height of 
cubes is 0.5mm, d=0.8mm, s=0.4mm, u=3.2mm, w=0.6mm, and εr=100. PBC stands for 
Periodic Boundary Condition b) Array with the unit cell shown in a)  
 
Fig 2.11. Band diagram [16], of the structure studied in Fig 2.10   
 
 
In Fig. 2.11  β is the component of the k vector along the given axis  whereas Γ, X, and 
M denotes the symmetry points of the reciprocal lattice vector of the periodic structure. 
Γ, X, and M denotes (βx,βy) given by (2nπ/u,2nπ/u), ((2n+1)π/u,2nπ/u), and 
((2n+1)π/u,(2n+1)π/u) respectively, where n is an integer and u is lattice constant [16]. 
As the E field is along Z axis βz is always zero. From the band diagram one can see LH 
pass bands i.e. where slope of the  ω-β graph becomes negative, implying vector k and 
group velocity vector (given by the inverse of derivative of β with respect to ω) being 
anti parallel. The stop bands represent regions where k is imaginary, and impedance is 
reactive. 
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2.3 Applications of Metamaterials 
 
Using metamaterials it’s possible to obtain electromagnetic characteristics, such as 
negative permittivity, negative permeability, high impedance and an arbitrary 
propagation constant which are difficult or impossible to get using ordinary natural 
materials. Metamaterials are therefore useful for a wide range of microwave 
applications. Some examples of these applications are summarized here. 
2.3.1 Cloaks and Absorbers 
 
There are basically three ways of reducing electromagnetic scattering and/or reflection 
by an object; first to absorb the incident wave [25-27], second to cancel out the electric 
and magnetic fields generated by the object [28], and third to guide incoming waves 
around the object [29]. The last two techniques are referred to as cloaking the object 
[25, 29].  
Reduction of scattering and reflection by absorption is well established and extensively 
used [25-27] .The other two techniques are however relatively new [25, 26].  
 
Traditionally radar absorbers have been made using lossy dielectric and magnetic 
materials [25, 26]. However metamaterial absorbers are being investigated, as one is 
not limited to the electromagnetic characteristics found in nature [27]. Guiding the 
electromagnetic waves around the target is essentially through refraction using a cloak 
with a profile of carefully designed constitutive parameters. Cloaking of an object by 
guiding the waves around it can be interpreted as transforming the coordinate system 
[29]. For example if it is required to guide the incoming waves around a sphere using a 
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hollow spherical cloak, design of the cloak should be such that the inside of the cloak 
simply doesn’t exist for the incoming wave. This is equivalent to transforming the 
coordinates in such a way that the coordinate points inside the hollow shell cover all 
the points down to the origin, making the region inside the shell disappear . This 
transformation can be achieved by converting the Maxwell’s equations, written for free 
space, to the required coordinate system representing the cloak, which results in 
modification of coefficients of the terms of Maxwell’s equations, which in turn could 
be represented by modified values of the constitutive parameters. Similar method was 
used at first to solve Maxwell’s equation inside non homogeneous materials  [30]. 
Metamaterial cloak based on the concept of coordinate transformation was first 
proposed in [31]. 
 
Cloaking can also be achieved by cancellation of the field generated by the target. This 
can be achieved by using cloak with electrical and magnetic polarizabilities equal and 
opposite to that of the target [32, 33]. 
 
In the next two Chapters a metamaterial absorber will be proposed and analyzed. 
Plasmonic cloaking will be studied in Chapter 5. 
 
2.3.2 Phase Shifters 
 
A LH (Left Handed)TL gives great liberty in constructing phase shifters. The reason is 
that a LH TL gives positive phase shift whereas RH TL gives negative phase shift. By 
combining a LH TL with a RH(Right Handed) TL it is possible to construct a phase 
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shifter with arbitrary phase shift [34], such as zero phase shifter which can’t be realised 
using conventional approach.. 
 
The major advantage is when a positive phase shift is required. If restricted to a RH 
TL, one would need a very long TL segment to achieve a positive phase shift for 
example for phase shift of +π/2 phase shift a 3π/2 TL segment would be required( a 
3π/2 TL gives -3π/2  phase shift which is equivalent to + π/2 phase shift) . Using a left 
handed TL instead of right handed TL, a phase shift of +π/2 can be achieved by using  
TL with a length of only π/2 instead of 3π/2 required for a right handed TL.  The 
disadvantage however is that the bandwidth might be smaller, as left handed materials 
are inherently dispersive [19] and thus narrow band.  
 
A phase shifter based on a left handed TL can thus be used to realize a compact phase 
shifter when the required phase shift is positive. In [34] such a metamaterial phase 
shifter based on CLRH TL has been reported. The Phase shifters consisting of four 
unit cells were designed to provide +/- 10○ phase shift. In the case of +10○ degree 
phase shift, one needs to use a -350○ RH TL, however using CRLH TL +10○ phase 
shift can be easily obtained. The size of the phase shifter was only about   1/9th of the 
right handed phase shifter. 
 
2.3.3 CLRH Transmission Line for Distributed Amplifier 
 
Distributed amplifier is often used for broad band applications, due to its high gain and 
wide bandwidth [24, 35]. 
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A distributed amplifier can be constructed using two transmission lines, an output and 
an input transmission line. The input transmission line is periodically connected to the 
input of a transistor, usually the gate of an FET. The output transmission line is also 
periodically connected to the output of the transistor (drain in case of an FET).  A 
standard distributed amplifier based on RH TL is shown in Fig, 2.12 [24]. 
 
 
Fig 2.12 A standard distributed amplifier. 
Gates and drains of a transistor act a capacitor. Connecting the input and output of the 
transmission line to the gates and drains of the transistor is equivalent to periodically 
loading the transmission line with capacitors. If the phase shifts across unit cells (input 
unit cell consists of the transistor gate and TL section between two neighbouring gates, 
output unit cell is same but with gate replaced by the drain) of the input and output 
transmission lines are the same, the current output from all the transistor stages will be 
in phase. The result is that net output current will be sum of current outputs from all 
the transistors. For an N stage distributed amplifier, the output current will therefore be 
N times current output of a single transistor, and total output power will be N2 times 
output power of single transistor stage [24]. The number of stages is however limited 
 46
by attenuation on the transmission lines. Using distributed amplifier, one can obtain 
very high gain using medium gain transistors [24]. 
 
For a given device technology, gain is directly proportional to the device capacitance, 
whereas cut-off frequency of any amplifier is inversely proportional to capacitance. So 
instead of having a very high gain amplifier, one can use low gain transistors to get a 
medium gain amplifier. The transistor capacitance will be much lower in this case, and 
thus the amplifier will have a very high cut-off frequency. Furthermore the attenuation 
constant [18] is directly proportional to the square of capacitance of single transistor 
stage, so using low gain–low capacitance transistor stages one can have high number 
of transistor stages. 
 
At high frequency another problem arises. The unit cell of input and output 
transmission line consists of transmission line segments with gates and drains, acting a 
capacitive loads connected in shunt. From a  Smith chart it can be obsereved that in 
this case the effective capacitance (capacitive reactance seen from the input port 
divided by ω) increases with increasing electric length of transmission line segment. 
This means that with increasing frequency, the effective capacitance per unit cell will 
increase, further aggravating frequency response and increasing attenuation. 
 
CLRH can be used to solve this problem [36]. Shunt inductance of CLRH will 
minimize the effect of the gate and drain capacitances, and using CLRH with high 
phase velocity, electric length of each unit cell can be decreased, thus improving 
frequency response further. In fact using appropriate value of shunt inductor and series 
capacitors, the entire structure can be made into set of two CLRH transmission lines 
 47
(input and output transmission lines), which can operate at frequencies well above the 
cut-off of original capacitively loaded transmission lines of traditional distributed 
amplifier. A CLRH transmission line distributed amplifier is shown below [36]. 
 
 
 
Fig 2.13  A CRLH distributed amplifier. 
 
 
2.3.4 Metamaterials for Antennas 
 
Metamaterials can be very useful in antenna application. Following are some examples 
of metamaterial based antennas. 
 
2.3.4.1 Leaky Wave Antennas 
 
In metamaterials, the phase velocity can exceed velocity of light in free space. This 
creates a very interesting situation in the case of a metamaterial transmission line. 
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From Maxwell equations, the magnitude of k vector in free space depends only on the 
frequency, or one can write mathematically [24]. 
 
c
kkkk ozyx
ω==++ 2222                               (2.11) 
 
A transmission line along Z axis and having only a TEM mode is analyzed in the 
following discussion to explain the operating principle of a leaky wave antenna. Due to 
the boundary condition imposed on the interface of two materials, the tangential 
component of the electric field is continuous, and consequently the tangential 
component of k vector (kz) is also continuous [24]. Using cylindrical coordinates (2.11) 
can be written as below [24]. 
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In an ordinary right handed transmission line the phase velocity is less than or equal to 
the velocity of light. This means kz is greater than ko (as the wave vector k is inversely 
proportional to the phase velocity) and therefore kr is imaginary. Imaginary value of kr 
means that the fields are decaying or evanescent in radial direction so there is no 
radiation in the radial direction. 
 
However if the phase velocity is higher than that of speed light in free space, the 
situation changes, as kz is smaller than ko, and kr therefore is real. This means radiating 
fields in the radial direction [36-38]. This phenomenon can be used to construct a leaky 
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wave antenna [36-38]. The signal is fed to a metamaterial transmission line, in which 
the phase velocity is greater than velocity of light, and transmission line radiates the 
signal [36-38].  
 
It must be noted that leaky wave operation can also be achieved for ordinary 
transmission lines, but only for higher order modes, because in case of ordinary 
transmission line only for higher order modes can the value of kz can be smaller than 
ko. However in order to have leaky wave operation at TEM mode, metamaterial 
transmission line has to be used [36-39]. 
 
Furthermore using varactors instead of capacitors, one can vary the phase velocity and 
impedance of the antenna, and consequently its radiation profile [38]. There is another 
advantage of using CLRH antenna instead of ordinary leaky wave antenna. In RH 
leaky wave antenna, the radiation is always in the forward direction. However in the 
case of CLRH it is possible to operate the antenna in both forward radiation and 
backward radiation mode [38]. The mechanism can be described as follows. Due to the 
continuity of kz over transmission line - free space interface, the kz is negative in 
vicinity of the leaky wave antenna when it is operating in left hand mode. In free space 
this means that the Z component of Poynting vector is also negative, as in regular 
isotropic right handed materials, k vector and Poynting vector point in the same 
direction. This implies that the antenna is radiating in a backward direction. Backward 
radiation from left handed transmission line antenna has been verified experimentally 
in [38]. 
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When using varactor based tuneable antenna one can control the value of the kz ( as it 
is equal to the propagation constant of the transmission line), while k0 is constant, thus 
varying  kz will change the angle of radiation. The radiation angle can be given by 
following relation [38]. 
 
1cos z
o
k
k
θ −=                                                                                                         (2.13) 
 
whereas θ is angle between k0 and Z axis. Such an antenna with fully steerable  
radiation angle has been suggested in [38]. 
 
2.3.4.2 Zeroth Order Antennas 
Many high performance antennas, such as patch antennas and dielectric antennas 
basically consist of a leaky resonator coupled to a transmission line. The resonator is 
excited by the input transmission line and the resonator then radiates some of its stored 
energy [40-43].  
 
As in the case of any resonant structure, here too, the dimension must be at least equal 
to half wavelength, which places a minimum limit on the size of a resonant antenna. In 
many applications, such as cellular telephone receivers, or space communications, 
compact antennas are desirable. Traditionally shorter dimensions used to be achieved 
by using high permittivity substrate or loading the antenna with reactive elements such 
as slots [40-43]. 
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However the problem with using above mentioned techniques is generation of surface 
waves (in case of using high permittivity substrate) and loss of the radiation efficiency 
[41]. This can be overcome by using metamaterials in resonant antennas [44].  By 
using left handed materials in combination with the right handed materials it’s possible 
to have k equal to zero, and to have zeroth order excitation of antenna with minimum 
size of the antenna limited only by minimally small metamaterial structure with 
required constitutive parameters that can be realized over the operating frequency band 
[44].  
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Chapter 3 
 Metamaterial Electromagnetic Wave absorbers 
 
3.1 Background and Overview of Radar Absorbers 
 
Absorbers are the oldest and most widely used structures for the purpose of reducing 
radar signatures of targets. Radar absorbers work by absorbing the incoming radiation. 
  
Earliest Radar absorbers, called Salisbury screens have traditionally been constructed 
by placing a single resistive sheet quarter wavelength from the conducting surface 
[25,45,46]. To enhance the performance, multiple resistive layer screens, also called 
Jaumann screens, have been used [47,48]. Instead of alternating layers of dielectric 
spacer and resistive sheet, radar absorbers can be constructed by using layer(s) of lossy 
dielectric or magnetic materials [49-62]. Lossy dielectric absorbers are usually 
constructed by using epoxy /fibre glass composite containing carbon black [53], 
however other materials such as Silicon carbide foam have also been used [58]. Lossy 
magnetic absorbers, on the other hand, are usually constructed by using ferrite based 
composites [61, 62].   A sheet of lossy plasma also acts like a radar absorber [63] 
 
Radar absorbers constructed from metamaterials have been investigated recently [64-
74], since one is not constrained by the electromagnetic characteristics of naturally 
available materials.  Metamaterial absorber usually consists of lossy capacitive planar 
structures placed above the ground plane [65]. A ground plane seen from a distance 
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less than quarter wavelength is equivalent to an inductive load [24], so using a lossy 
capacitive sheet it can be matched to free space, suppressing the reflection [65]. 
 
The metamaterial absorber reported here is based on an array of resistive Hilbert 
curves. A Hilbert curve is a type of space filling curve [66].  The advantage of a 
Hilbert curve, or other space filling curves for that matter, is that they can provide 
resonance at a lower frequency with a smaller physical foot print [66,75]. However 
traditional space filling curve absorbers are narrow band, i.e., a few percent at the most 
[66,75]. 
 
Most of the thin broadband absorbers based on lossy capacitive surfaces are 
constructed using lumped elements and are also called circuit analogue absorbers [67]. 
however the lateral unit cell sizes reported for such structures are very large. For the 
similar operating frequency range a large  reduction in unit cell size has been achieved 
during this study.  Large unit cell size can give rise to diffraction effects, which result 
in strong backscatter for certain oblique angles of incidence [76]. Furthermore circuit 
analogue absorbers also require use of lumped circuit elements, increasing the 
complexity of fabrication. 
 
 
For simplicity a linearly polarized plane wave propagating along the z axis is assumed. 
E and H fields given by Maxwell’s curl equations become [24]. 
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E j H
Z
ωµ∂ =∂                                                                          (3.1a) 
( )H j E
Z
ωε σ∂ = +∂                                                            (3.1b) 
 
 
The equations given above are similar to following transmission line equations (also 
known as telegraphic equations, [24]. 
 
   
                                                                       
V zI
Z
∂ =∂ (3.2a) 
I yV
Z
∂ =∂                                                                                      (3.2b) 
 
whereas z and y are per unit length impedance and admittance respectively.  
 
Comparing (3.1a&b) and (3.2a&b), and replacing V and I of transmission line 
equations by E and H respectively, following relationships are obtained [24]. 
 
                                                                            (3.3a)
                                                                      (3.3b)
z j
y j
ωµ
ωε σ
=
= +
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From (3.3a)-(3.3d), it can be observed that there is a perfect correspondence between 
transmission line equations and  plane wave equations in an isotropic media[24]. It is 
therefore possible to apply transmission line theory tools, such as impedance matching, 
smith chart,  S parameters, and ABCD matrices to plane wave propagation problems . 
 
Before moving on further  discussion, basic terms used in Radar terminology are 
defined. For a target located at the origin and the receiver antenna located at (Φ,θ,R). 
Bistatic cross section is defined as [77]   
 
2
0
4
R
P
R
P
φθ
φθσ π
∀ → ∞
=                                              (3.4)                                           
 
where P0 is the incident power density at the target and  PΦθ  is the power density  of 
the scattered field  at the receiving antenna.  
 
Monostatic RCS (Radar Cross Section) is a special case of bistatic RCS [77]. It is 
defined as bistatic RCS when the same antenna is used for both transmitting and 
receiving. Monostatic RCS is also known as backscatter [77]. Monostatic RCS is very 
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important as most of the radar systems use a single antenna for both receiving and 
receiving[77]. 
3.1.1 Bandwidth Limitation 
Bandwidth limitation  of radar absorbers have been discussed by Rosanov[78]. There 
is  a trade off between  absorber thickness and  maximum achievable bandwidth. For a 
standard magnetodielectric absorber the upper limit on the bandwidth in terms of the 
thickness of layer is given by[78]. 
 
( )032 ReRd
λ µπ
∆ ≈                                                                                      (3.5a) 
 
In eq 3.5 R0 is absolute value of the required power reflection coefficient, µ and d is the 
permeability and thickness of the layer respectively, and ∆λ is the absorption 
bandwidth in terms of λ. Our discussion concerns non magnetic absorbers. The reason 
for choosing non magnetic absorber is to avoid need for expensive and frequency 
limited magnetic materials. For a non magnetic absorber and a required absorption 
coefficient of -10dB eq 3.5a reduces to  
1
d
λ∆ ≈                                                                                                                   (3.5b) 
 
eq 3.5b then gives the upper limit for achievable bandwidth for a given absorber 
thickness 
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3.2 Overview of Radar Absorbers   
A good overview of radar absorbers has been given by Knott [79, 80]. Following are 
the major types of radar absorbers 
3.2.1 Salisbury Screen 
 
In order to understand its operation, a plane wave incident upon a PEC plane in 
analyzed.  The case of a plane wave incident upon a PEC plane is equivalent to a short 
circuited transmission line. Impedance seen at any point on a lossless transmission line 
while looking towards the short circuited end is given by the following equations [24]. 
 
0
0
0
tan                                               (3.6a)
tan
0
tan                                                            (3.6b)
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where Zl is load impedance, which in case of a PEC plane is a short circuit. Using 
Equations (3.3a)-(3.3d),    (3.4b) can be simplified for free space as.  
 
0 tan                                                                  (3.7)inZ j lη β=   
 
If   lβ  is equal to π/2, inZ  is infinite, hence at quarter wavelength from the PEC plane, 
the wave would see an open circuit. If a resistive sheet with sheet impedance equal to 
the free space impedance is placed at this point the total impedance will be equal to the 
free space impedance, and therefore there will be no reflection.  If the impedance is 
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close to that of the free space not exactly equal, reflection will still be greatly reduced 
even if not completely eliminated.  
 
 This type of absorbing screen is called a Salisbury screen [25,26,46]. Salisbury screen 
is very simple however it needs to be a quarter wavelength thick [25,26,46] 
 
 
3.2.2 Jaumann Screen 
 
Just as in the case of transmission line based networks, where for the purpose of 
broader matching bandwidth, multiple matching stubs are used [24]; in this case too, 
multiple resistive sheets could be placed above the PEC plane, to increase the 
absorption bandwidth. Such absorbers are called Jaumann screens [47,48]. 
 
3.2.3 Dallenbach screen 
 
Furthermore, a radar absorber can be constructed by using a lossy dielectric or 
magnetic material [52-64]. Such screens are called Dallenbach screens. It is possible to 
use multiple layers of lossy material instead of just a single layer [52]. 
 
To understand the working principle of Dallenbach screens, the following analysis can 
be helpful. A lossy dielectric layer on a conducting surface can be modelled as a short 
circuited lossy transmission line.  The impedance seen at the air/dielectric interface is 
given by following equation [24]. 
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( )tanhin dZ Z lγ=                                                                                        (3.8)             
 
where Zin is the impedance seen at dielectric air interface, Zd is intrinsic impedance of 
the dielectric, γ is complex propagation constant inside the dielectric, and l is thickness 
of the dielectric. Radar absorption can be achieved by making Zin   equal to free space 
impedance. In practice however it is sufficient that Zin is close to free space impedance, 
in which case the Power reflection coefficient though not zero, will still be very low. 
 
For this absorber to work, the material has to be lossy. The reason is that in absence of 
losses, γ will be imaginary, and thus the impedance given by (3.6) will always be 
imaginary, zero or infinity. 
 
There are two types of lossy materials used in Dallenbach screens, dielectric and 
magnetic lossy materials. 
 
Lossy dielectric materials are usually constructed by dispersing conducting particles in 
a dielectric matrix. The most common is made from epoxy glass resin containing 
carbon black [52-55]. The carbon black provides conductivity making the dielectric 
lossy. Besides carbon black based dielectric, other materials such as Silicon Carbide 
foam have also been used for radar absorber materials [58]. 
 
Lossy magnetic materials are usually constructed by dispersing ferrite powder in a 
dielectric matrix [61,62]. Moreover a sheet of lossy plasma can also used as radar 
absorber [63].    
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3.2.4 Capacitive  screens   
 
If the screen thickness of less than quarter wavelength are desired, then the screen 
impedance should have reactive component as well [64-66]. The reason is explained in 
the  analysis below. 
 
If a screen with surface conductivity G and surface susceptance B, is placed at a 
distance l from the PEC plane, the net admittance is given by[24,66]. 
 
 
 
1                                                                                             (3.9)t
in
Y G jB
Z
= + +  
 
 
Inserting value of Zin from (3.5) in (3.7)  the following equation is obtained  
 
 
0
1( )                                                                                 (3.10)tantY G j B Z lβ= + −  
where Yt is the total admittance seen at distance l from the PEC plane. In order to have 
no reflection Yt should be equal to free space admittance [66]. Imposing the 
aforementioned condition, the following equation is obtained. 
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0
0 0
1 1( cot )                                           (3.11)tY G j B Y lβη η= ⊃ + − =  
 
 
The real and imaginary component on the left side of the equation should equal to the 
real and imaginary component on right side respectively. Imposing this condition the 
following relations are obtained for B and G. 
 
0 0
0
cot 0 cot                                         (3.12 a)
1                                                                                  (3.12 b)
B Y l B Y l
G
β β
η
− = → =
=
 
 
So for βl less than quarter wavelength the PEC plane will appear as an inductive load. 
In this case a capacitive sheet in parallel with resistive sheet will be required (or 
alternatively a sheet with complex admittance, with imaginary part being positive).  
 
Such radar absorbers are usually constructed by using lumped circuit elements, mainly 
capacitors and resisters; or frequency selective surfaces and other metamaterials with 
lossy dielectrics [64-74]. 
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3.2 The Hilbert Curve Absorber 
 
3.2.1 Introduction 
 
A Hilbert curve is a space filing fractal. 1st, 2nd , 3rd , and 4th  order Hilbert curves are 
given in Fig 3.11 [75]. 
 
 
 
Fig 3.1  1st four orders of Hilbert curve [75] 
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Hilbert curve order has great effect on its frequency response[75]. From the numerical 
analysis done in Engheta[75] and it was observed that increasing order of the Hilbert 
curve reduces the bandwidth. However on the other hand the advantage of using higher 
order Hilbert curve is that required spacer thickness is reduced. There is therefore a 
trade off between thickness and bandwidth when the choice of the order of Hilbert 
curve is to be made. The objective in this work was to realize a wideband absorber, 
and this objective had a priority over the aim to minimize the thickness, as even in the 
case of first order Hilbert curve the thickness only λ/6 and was therefore acceptable. 
Hence the First order Hilbert curve was chosen for the structure in order to achieve 
maximum bandwidth. 
 
The novel structure reported here consists of resistive Hilbert curves, whereas a 
standard Hilbert curve array is constructed of conducting Hilbert curves. Higher 
resistance of Hilbert curve translates into low Q and thus wider bandwidth, compared 
to a standard Hilbert curve array.  
 
3.2.2 Hilbert curve-Theory 
 
A Hilbert curve can be modelled as folded dipole, with resonant frequency 
approximately determined by the following equation [82]. 
 
 
 
0 02 8 8log tan log 1 log 1       (3.12)
4 4
kd s km d s
b b b
µ µ λη λβπω π π
⎛ ⎞ ⎛ ⎞+ − = −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠  
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where m is the order of resonance, η is the free space impedance, k is an integer, β is 
the propagation constant and b is the diameter of the Hilbert curve wire. s, m, and d are 
defined below [82] 
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2 1
1
2 1                                                                      (3.13 a)
                                                                                (3.13 b)
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=                                                                         (3.13 c)
 
 
 
 
where n is the order of Hilbert curve and L is the length of Hilbert curve footprint. 
 
If the frequency is below resonance, a Hilbert curve will act as a capacitive 
element[75], as is the case with a standard dipole. An array of Hilbert curves therefore 
will act as capacitive sheet. Furthermore if the Hilbert curve is constructed from lossy 
material, the array admittance will have a real component as well. 
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As discussed earlier from a distance of less than λ/4, a PEC plane appears as an 
inductive load. If a lossy Hilbert curve is placed in front of a PEC surface, it is possible 
to match the PEC surface to free space, provided the following conditions are met [24]. 
 
0 0
1 1                                           (3 .1 4 )
ta nH
Y j
lη η β= +  
 
where YH is the surface admittance due to the Hilbert curve array, η0 is the free space 
impedance, β is the free space propagation constant, and l is the distance of the Hilbert 
curve array from the PEC plane. If the above mentioned conditions are satisfied, then 
the total impedance seen at the location of Hilbert curve will be equal to that of free 
space, and therefore there will be no reflection. 
 
In order to get more insight into the behaviour of Hilbert curve, a simplified model will 
be analyzed. The reason is that it is not possible to get an analytical solution even for 
the case of simple short wire dipole; and it is the practice to use numerical techniques 
to obtain fields and currents.   
 
First step in the analysis in model the Hilbert curve as an open circuited transmission 
line. This model will however give only a qualitative picture, and it cannot give 
reasonably accurate values for impedances even for the simple case of a wire dipole. 
The problem with using simple transmission line model is that, unlike a standard 
transmission line the capacitance and hence the impedance varies along the length of 
dipole. 
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For a lossless Hilbert curve. Modelling the Hilbert curve as an open circuited 
transmission line , the following equation for its impedance and admittance are 
obtained [24]. 
 
0 cot( )H H HZ jZ Lβ= −                                                                                   (3.15a)       
 
0 tan( ) H H HY jY Lβ=                                                                                              (3.15b) 
 
 
where ZH0 is the characteristic impedance of Hilbert curve, ZH is total impedance of 
Hilbert curve, βH is propagation constant along the Hilbert curve (which may assumed 
to be equal to free space propagation constant, and l is length of Hilbert curve. It can 
be observed from the equations above, that for electric length smaller than quarter 
wavelength, the Hilbert curve will be capacitive. Furthermore, the susceptance 
(imaginary component of admittance) of the Hilbert curve will increase with increasing 
frequency. 
 
If the Hilbert curve is placed at distance from a PEC plane, where the capacitive 
susceptance of the Hilbert curve would cancel out the inductive susceptance resulting 
from the PEC plane, and one would get high impedance. Furthermore, a resistive sheet 
can be placed in parallel with the Hilbert curve to match the structure with free space 
and reduce RCS. 
 
As evident from the equations above, the admittance of the Hilbert curve increases 
with increasing frequency; however, the inductive admittance due to the PEC ground 
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plane decreases with increasing frequency. The cancellation of inductive admittance 
due PEC plane and that of Hilbert curve will therefore occur only over a narrow band 
of frequency. Lossless Hilbert curve based high impedance surfaces and absorbers are 
therefore quite narrow band. This problem can be overcome by using Hilbert curve 
constructed from lossy material. The reason for broad band performance of lossy 
Hilbert curve is described in the analysis below. 
 
If the Hilbert curve inclusions are sufficiently lossy, the capacitive susceptance will 
decrease with increasing frequency, the reason for which will be explained later in the 
discussion. As evident from (3.2) the inductive susceptance due to PEC plane seen at 
the position Hilbert curve also decreases with increasing frequency. In the above 
mentioned case, change in the inductive susceptance due to PEC plane is at least 
partially compensated by change in capacitive susceptance of Hilbert curve. The result 
is that a wider absorption bandwidth can be achieved. However if the Hilbert curve is 
too lossy then the capacitive susceptance will be too low and the condition given in 
(3.2) will be satisfied only for a narrow band of frequency. The condition given by(3.2) 
will not be satisfied at all if the losses are too high. There is therefore an optimum 
range of resistivity of Hilbert curve which will give good broadband performance. 
 
In order to understand why the capacitive susceptance of a Hilbert curve decreases 
with increasing frequency, the lossy Hilbert curve is analyzed in the same manner as 
the lossless Hilbert curve.  Modelling Lossy Hilbert curve as open circuited lossy 
transmission line the  following equations are obtained [24]. 
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γH is the complex propagation constant along the Hilbert curve. Other symbols have 
the same meaning as in equations for lossless Hilbert curve. 
 
In order to get a deeper insight, the equations for lossy Hilbert curve can be split into 
real and imaginary parts. To accomplish this, the complex hyperbolic cotangent is 
decomposed into real and imaginary parts (similar analysis could be found in standard 
mathematics text books) 
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The admittance of a lossy open circuited transmission line can be given as 
( ) ( )
[ ]
0 0 0
0
tan tanh( )                            (3.18 a)
                                                                                   (3.18 b)
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Using equation for hyperbolic tangent for complex numbers, the admittance of lossy 
open circuited transmission line is given by the following equations. 
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For lossless line the equations are  reduced  to 
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This is the same result that was obtained earlier for the lossless case. 
 
From the equation for lossy case, it can be observed that if the value of α is sufficiently 
high the reactance will decrease with increasing frequency. The reason is 
( ) ( )2 2tanh tanl lα β  term in the denominator and ( )2sec h lα  term in the nominator, as 
tanh and tan increases and sech decreases with increasing value of the argument, when 
the argument is less than π/4. The result is that lossy open circuited transmission line 
will be able to cancel out the inductive reactance due to PEC plane over much wider 
bandwidth. 
 
Even though the above analysis is very crude, it gives us the basic picture. It can 
therefore be expected that the lossy Hilbert curve absorber to have wider bandwidth 
than a lossless Hilbert curve absorber. 
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3.2 Structure 
The metamaterial absorber structure reported here is a two layer metamaterial resistive 
Hilbert curve array.. 
 
The structure proposed here has a unit cell size of 4.3 mm × 4.3mm. Hilbert curve 
inclusions and the PEC surface are in the XY plane and the K vector is along negative 
Z axis. The inclusions are first order Hilbert curves with length of each side equal to 
3.7 mm . The inclusions were 2.96mm and 3.4 mm above PEC plane. The width and 
thickness of the Hilbert curves are 0.18 mm and 0.0196mm respectively and 
conductivity is 70KSm-1 (Graphite) giving 40Ω mm-1 of per unit length resistance. 
Styrofoam spacer was chosen for its low permittivity, and graphite for being a low cost 
and easy to process semiconductor. The parameters were optimized using optimization 
module in HFSS. The unit cell size is only 0.19λ ×0.19λ at fo, thus suppressing 
diffraction effects. A Hilbert curve’s resonance depends on polarization. Hence to have 
a good absorption for both polarizations, two layers of Hilbert curves of mutually 
orthogonal orientations are required, one for each polarization. The upper and lower 
inclusions provide resonance for Ex and Ey polarizations, respectively, as is the case of 
conducting Hilbert curve [81]. 
 
The novel absorber structure presented in this work successfully combines the merits 
of traditional conducting space filling curve based absorbers[66] and circuit analogue 
absorbers. As discussed earlier a resistive Hilbert curve can be viewed as a lossy high 
impedance surface equivalent to a high impedance surface in shunt with a resistive 
layer, resulting in low RCS. This structure eliminates need for a resistive sheet or any 
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lumped element by combining high impedance surface and resistive layer in one, thus 
significantly reduce the complexity of the absorbers. 
The structure was simulated in HFSS. The unit cell of the proposed structure is shown 
in Fig. 3.2.  
 
 
 
Fig 3.2. Unit cell of   Hilbert curve array p=4.3mm, L=3.7mm,  g=0.586mm, x=0.424mm   
 
3.3 Simulations and Results  
 
 
The structure was simulated by imposing periodic boundary condition on a single unit 
cell. The normalized (to uncovered PEC plane) backscatter is shown in Fig. 3.2. As it 
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can be observed from Fig. 3.3, the proposed dual polarization metamaterial Hilbert 
surface provides a good absorption over a wide frequency band. From the HFSS 
simulation, 10 dB reduction in Monostatic RCS was observed for frequency range 
from 9.7 to 19 GHz for both  Ex and Ey polarizations. 
 
 
Fig 3.3.  Power reflection coefficient for dual polarization metamaterial Hilbert surface. 
 
There is a trade off between thickness of the absorber and the ultimate bandwidth as 
discussed by Rosanov [80]. For a standard lossy absorber with thickness of λ/6 (as is 
the case in the absorber reported here), the maximum achievable bandwidth is only 
about 15%[79]. Rosanov has defined figure of merit of a radar absorber as dl/d, where 
d is thickness of the absorber. According to Rosanov absorber maximum bandwidth 
roughly proportional to thickness. For a given class of absorber the quantity ∆λ/d (∆λ 
is the bandwidth in terms of wavelength and d is thickness of the absorber) is given by 
a certain limit. For Dallenbach absorber -10dB bandwidth limit is given  by ∆λ/d 
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limited to roughly  1[78]. The absorber discussed in this work has ∆λ/d (∆λ is the 
bandwidth in terms of wavelength and d is thickness of the absorber)of 4.45 for -10dB  
Power reflection coefficient this more than  four times the ultimate limit of 1 given by 
Rosanov for  a single layer Dallenbach absorber. For -20dB absorption ∆λ/d is 0.9 
which is nine times the ultimate limit for a Dallenbach screen given by Rosanov[78]. 
Salisbury screen gives similar and Jaumann wider bandwidth but are much thicker than 
the absorber presented here[78]. 
 
The metamaterial absorbers reported in the literature are usually either narrow band or 
has unit cell greater than half wavelength which would result in diffraction lobes for 
oblique incidence[65-74, 79-82]. The structure reported in this work is wideband and 
has a unit cell size of less than 0.3λ overthe entire frequency range.  Suppression of the 
diffraction effects is evident from good performance at oblique incidence as shown in 
Fig. 3.4 
 
To investigate the performance of the absorber further, reflection coefficients were 
evaluated for oblique incidences. The results are shown in Fig 3.4 
 
 75
 
(a) 
 
(b) 
Fig 3.4 Power reflection coefficient for oblique incidence a)TM b) TE 
 
From the results in Fig3.4 it can be observed that the absorber gives good performance 
even for oblique angles. Most of the absorbers reported in the literature have been 
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analyzed for normal incidence. Absorbers reported for oblique incidence have much 
narrower bandwidth[82].  
 
To get insight into the absorption process, electrical field distribution around the Hilbert 
curves was also obtained and shown in Fig. 3.4. It can be observed that the electric field is 
concentrated around the Hilbert curves, implying resonant absorption of the incoming 
waves. From an equivalent circuit model point of view the resonance occurs because 
the whole structure with the Hilbert curves placed above ground plane behaves as an 
LRC parallel resonant circuit (Hilbert curve array acting as lossy capacitive sheet, and 
the ground plane appearing as inductive load at the plane of Hilbert curve array). In 
order to make thing clearer, E field surface plots in planes of upper and lower Hilbert 
curves are shown in Fig . 3.5 
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(a) 
 
(b) 
Fig 3.5 Surface plot of magnitude of E field on the plane of a)lower Hilbert curve b)upper 
Hilbert curve  
 
 78
3.4 Absorbing Screen for Terahertz Bolometers  
A terahertz detector is an important component of a terahertz system. A thermal 
terahertz detector, also called a bolometer, mainly consists of an absorber layer and a 
thermopile [83-91]. The absorber layer absorbs the incident radiation and the resultant 
change in temperature is then detected by the thermopile [83-91]. For high end 
applications where high speed and/or sensitivity are required more complex types of 
detectors such as those based on quantum dots or superconductors are used [92-99]. 
 
A terahertz absorber is an extremely crucial component of a terahertz bolometer. 
However, terahertz absorbers reported so far are relatively narrow band [84-87]. A 
novel metamaterial terahertz absorber based on resistive Hilbert curve array is 
proposed for wideband terahertz detection in this work. The structure has 100% -3dB 
fractional bandwidth for normal incidence, and remains wide bandwidth even at 
oblique angles. For instance at 60o angle of incidence the -3dB bandwidth is 90%. In 
our case high resistance is achieved by keeping the Hilbert curve extremely thin. Even 
though the Hilbert curve is made of aluminum, the DC resistance of each Hilbert curve 
is about 500 Ω, which makes it very different from the conventional conducting 
Hilbert curve.  
3.4.1 Structure 
 
The absorber structure is shown in Fig.3.5, consisting of a 2D resistive Hilbert curve 
array. Each unit cell is constructed from four coplanar aluminum Hilbert curves. In 
order to make the structure polarization insensitive at normal incidence each Hilbert 
curve is rotated by 90 ° with respect to adjacent curves. The array is separated from 
copper ground plane by a 38 µm thick BCP(Benzocyclobutene) [100] spacer, with 
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relative permittivity of 2.48 and loss tangent of 0.005[100]. The reason for choosing 
BCP was its relatively low permittivity [100]. The Hilbert curves have side length of 
75 µm, width of 400 nm and thickness of 30 nm. The whole unit cell consisting of four 
Hilbert curves is 180 µm by 180 µm. At such dimensions the metal (Aluminum) strips 
have very high resistance. In Fig, 3.6 (a) each Hilbert curve has a DC resistance of 
about 500 Ω.  
 
 
 
 (a)  
 
 
                                                                  
(b) 
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(c) 
 
Fig. 3.6 . (a) Full unit cell of a square Hilbert curve array, (b) top view (top right quarter 
in (a)), W = 400 nm. h = 10 µm, P = 90 µm, l = 75 µm (whole unit cell is 2P×2P), and (c) 
side view (top right quarter in (a)), g = 38 µm, t = 30 nm. 
 
 
3.4.2 Simulations and Results 
 
The structure was simulated using Ansoft’s HFSS. Simulation was done considering 
single unit cell. 2D periodic boundary condition was imposed on the unit cell. Bottom 
of the unit cell was assigned finite conductivity boundary, with conductivity equal to 
that of copper in order to simulate the copper ground plane. The incident wave was 
modeled as a Floquet port above the unit cell. Only the lowest order (n, m=0) Floquet 
modes were considered in case of incident wave (as the unit cell is smaller than the 
wavelength). In order to take into account of any possible scattering, coupling of 
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reflected wave to the higher order modes was also evaluated   from the S parameters, 
but were found to be negligible. 
 
 
Fig 3.7 Absorption (fractional power absorbed) for the Hilbert curve Terahertz absorber 
 
The structure was also analyzed for normal, 45o and 60o   angles of incidence. Fig 3.7 
shows the simulation results for absorption from 0.5 THz (600 µm) to 1.8 THz (167 
µm). It can be observed that the -3dB absorption bandwidth is 100% for normal 
incidence, and ranges from 90% to 100% for 45o, and 60o angles of incidence. Peak 
absorption is 98% for normal incidence and varies from 86% to 94% for oblique 
incidence. These bandwidths are several times wider than those reported to date [93-
95]. It can also be observed that the absorption is polarization independent for normal 
incidence, as expected from the four fold rotational symmetry of the structure. 
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To get insight into the absorption process, the electrical field distribution around the 
Hilbert curves was also obtained and is shown in Fig. 3.8. It is evident that the electric 
field is concentrated around the Hilbert curves, implying resonant absorption of the 
incoming wave. From an equivalent circuit model point of view the resonance occurs 
because the whole structure with the Hilbert curves placed above ground plane 
behaves as a LCR parallel resonant circuit (Hilbert curve array acting as lossy 
capacitive sheet, and copper ground plane appearing as inductive load at the plane of 
Hilbert curve array). 
 
 
 
 
Fig 3.8. Electrical (magnitude) field distribution around the Hilbert curves at 1.2 THz  
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3.5 Conclusion 
 
It has been demonstrated that a two layer metamaterial Hilbert curve array constructed 
from resistive/low conductivity materials can act as a thin wideband radar absorbing 
screen. The advantage of using Hilbert curve over traditional circuit analogue radar 
absorbing screen is the smaller unit cell size, resulting in reduced coupling to higher 
order Floquent modes and reduced diffraction effects, which in turn reduces reflection 
at oblique angles of incidence. The resistive/low conductivity Hilbert curve array gives 
much wider bandwidth than the one based on conducting ones. Furthermore the 
structure is simpler than a typical circuit analogue radar absorbing screen. 
 
Furthermore a wideband, wide angle terahertz absorber based on resistive Hilbert 
curve array was proposed and analyzed numerically. The simulation results show a 
wide -3dB absorption bandwidth of more than 100% for normal incidence. The 
structure also works well for oblique incidence. For 60° and 45° angles of incidence, 
the -3 dB absorption bandwidths are still more than 90%, which is much wider than 
any other terahertz absorbers reported to date. The peak absorption is also high i.e. 
98% for normal incidence and varies from 86% to 94% for oblique incidence
 84
Chapter 4 
 Parametric Analysis of Metamaterial Hilbert Curve 
Electromagnetic Absorber 
 
 
4.1 Introduction 
 
One of the important characteristics of engineering design is its tolerance to the 
variations in geometric and material parameters from their design values. 
 
In this Chapter the effect of the ground plane-Hilbert curve spacing, inter spacing 
curve, Hilbert curve cross section geometry, spacer permittivity and ground plane 
conductivity on the performance of the Hilbert curve electromagnetic wave absorber 
(discussed in the previous Chapter) is analyzed. Moreover a Hilbert curve absorber for 
cylindrical targets is also proposed.   
 
4.2 Simulations and Results 
4.2.1 Optimization 
 
Inbuilt optimization module of HFSS was used to obtain the optimum values for the 
geometric parameters. For optimization the first step was to define a suitable 
optimization goal. In this case the goal was defined as S11 to be below -10dB over the 
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frequency range of 8-18 GHz. In the next step geometric quantities to optimized were 
fed into the optimization module. The quantities were Hilbert curve thickness, and 
width,  vertical spacing and  lateral offset between upper and lower Hilbert curve,  and 
spacer thickness. The optimum value given by the optimization module  for Hilbert 
curve width was 0.18mm, thickness 1.96µm, and spacing between the Hilbert curves 
was 0.424mm. Thickness of the spacer was 3.4mm and lateral offset between the top 
and bottom Hilbert curve was 0.585mm along both X and Y direction. Reflection 
results for the structure are shown in Fig 4.1. 
 
 
 
 
Fig 4.1 Power reflection coefficient for the optimized Hilbert curve array absorber. 
 
 86
4.2.2 Multivariable Sensitivity Analysis 
As explained in the previous Chapter, the total reflection depends on the total 
impedance seen at the plane of the absorber, which is a parallel combination of the 
inductive susceptance due to the PEC plane and the spacer admittance of the Hilbert 
curve array.  
 
Absorption will occur for the frequency range over which the capacitive susceptance 
of the Hilbert curve array has equal or nearly equal magnitude to the inductive 
susceptance due to the PEC plane and spacer. Our requirement is that the Power 
reflection coefficient should be less than -10dB.  On a Smith chart it would mean the 
impedance should lie within 0.3r of the centre, where r is the radius of the smith 
chart[24]. As long as the net impedance of the structure lies within the above 
mentioned range, the Power reflection coefficient will be less than -10dB 
 
The susceptance due to the PEC plane depends on the distance of the PEC plane from 
the observation point. Changing the distance of the Hilbert curve array will therefore 
change the impedance, and thus the absorption profile over a given frequency range, 
and   there will be an optimum value of distance from the PEC plane for which the 
capacitive  susceptance of Hilbert curve will match  the  inductive susceptance due to 
PEC plane sufficiently (i.e. keep the net impedance of the structure within the required 
range)  over the broadest frequency range. 
 
The effect of spacing is due to change in coupling between the top and bottom Hilbert 
curve layers, which in turn will affect the impedance of the Hilbert curve. Impedance 
of the Hilbert curve will also be affected by the thickness and width of Hilbert curve. 
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In order to investigate effect of the aforementioned parameters on the performance a 
multi variable sensitivity analysis was carried out using HFSS.  Various combinations 
of the geometric parameters within 15% of the design values were used for the 
simulation. Results are shown in Fig 4.2  
 
 
 
(a) 
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(b) 
Fig 4.2 power Power reflection coefficient for varying values of  spacer thickness d, offset 
between upper and lower Hilbert curve g, Hilbert curve thickness h, Hilbert curve side 
length L, Hilbert curve width w and spacing between top and bottom Hilbert curve 
x.a)Ex polarization b)Ey polarization.  
 
From the results shown in Fig 4.2 it can be concluded that the design is robust and 
performance is not very sensitive to the variation in design parameters. 
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4.2.3 Effect of Conductivity 
 
Furthermore, the effects of changing conductivity of the inclusion material has also 
been investigated, and the results are shown Fig. 4.3 
 
 
 
 
Fig 4.3 Power reflection coefficient for various values of Hilbert curve conductivities 
(KSm-1).  
 
As can be observed from the results the design is not very sensitive to the change in 
the conductivity of the Hilbert curve material. Even though change in conductivity will 
change the impedance of the Hilbert curve, the Power reflection coefficient will still be 
very low as long the net impedance of the structure is not very ifferent from that of the 
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free space. The reason for  aforementioned fact has been discussed at the beginning of 
section 4.2.2 
4.2.4 Larger Unit Cell for Low Frequency Absorber  
 
In order to study the effects of scaling a larger structure was simulated. All the 
geometric parameters have been scaled by a factor of two, while keeping the same 
material for both the spacer and Hilbert curve. The only exception is the thickness of 
Hilbert curve which is kept the same at 0.0196mm. The reason was to keep the DC 
resistance of Hilbert curve at 400Ω, as scaling both the width and thickness of the 
Hilbert curve would have reduced the Hilbert curve resistance by a factor of two. 
 
The result was absorption at lower frequency band, as expected. The results are shown 
in Fig 4.4. 
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Fig 4.4. Power reflection coefficient for larger structure, Ex polarization. 
 
Comparing Fig 4.4 and Fig 3.3, it can be observed that for Ex polarization, the 
absorption bandwidth has shifted from 8.5 GHz-19GHz band to 4.4GHz-9.5GHz band. 
This roughly corresponds to a shift of one octave, as would be expected from the 
scaling properties of Maxwell equations (as all the dimensions were doubled)  
 
4.2.5 Spacer Permittivity 
 
The absorber was simulated in HFSS for various spacer permittivities .   
Incident wave direction was chosen to be normal. Results for Ex and Ey polarizations 
are shown in Fig. 4.6 
 
  
 
(a) 
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(b) 
Fig.4.6. Power reflection coefficient for various values of spacer permittivity. a)Ex 
polarization b) Ey Polarization 
 
It can be observed from Fig 4.6 that the widest bandwidth is achieved with the 
permittivity equal to that of free space the reason may be that for other values of the 
permittivity there will be an impedance mismatch at the dielectric- air interface. 
Moreover, it can be observed that the behaviour for the Ex polarization is not the same 
as that for the Ey polarization. The reason is that each of the two Hilbert curve has first 
resonance with orthogonal polarizations. Bottom Hilbert curve is immersed in the 
dielectric, and is sandwiched between PEC plan and top Hilbert curve; whereas top 
Hilbert curve lies on dielectric-air interface. This asymmetry results in dissimilar 
response to Ex and Ey polarized waves. 
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4.2.5 Cylindrical Hilbert Curve Absorber 
When an absorber designed for planer surface is used on a cylindrical target, its 
performance depends on diameter of the cylinder in term of wavelengths[47]. If the  
diameter is more than 10λ the absorber gives same performance as it does for a planer 
surface. If however, the diameter is much less than 10 λ the performance 
degrades[47].The concept of using an array of resistive Hilbert curves as absorber was 
extended to a PEC cylinder. Procedure similar to the case of PEC plane was repeated.  
 
A section of the cylinder was defined as a unit cell of the cylindrical array. Cylinder axis was 
chosen along X axis, and length of unit cell was chosen to be 4.4mm. Cylinder diameter was 
20mm. structure is shown in Fig 4.7 
 
 
 
Fig 4.7 Unit Cell of Cylindrical cloak structure. PEC Cylinder surrounded by two layer 
Hilbert curve array shell. Cylinder axis along X 
 
 94
Two layers of cylindrical shell Hilbert curve array were placed around the cylinder. 
Radius of the cylinder was chosen to be 10mm.  
 
Hilbert curves had length of each side equal to 3.6mm. The Hilbert curve was of 
square cross section with thickness of 0.02mm. Conductivity of the Hilbert curve 
material was chosen to be 80KSm-1. 
 
Inner layer was placed 12.7 mm from the axis or 2.7mm from the PEC surface. The 
Hilbert curve ring (section of cylindrical shell Hilbert curve array in a single unit cell) 
consisted of 18 Hilbert curves, each placed at uniform angular spacing 20o from 
adjacent curve, with open side of Hilbert curve lying along X axis (along cylindrical 
axis). Outer layer was 13.1mm from axis (3.1mm from cylinder surface). Outer layer 
was geometrically identical to inner layer, except that the open side of the Hilbert 
curve was lying along Φ (angular) direction. The outer layer was shifted by 3.7o 
azimuthally (anti clockwise) and 0.4mm (+x axis) axially with respect to inner Hilbert 
curve layer, in order to reduce coupling between inner and outer curve arrays. 
 
The structure was simulated using Ansoft’s HFSS, by imposing periodic boundary 
conditions on the front and back surface of the unit cell, while the other boundaries 
were defined as radiation boundaries. K vector was along –Z axis. Frequency range 
was chosen to be 8-13GHz. This corresponds to cylinder diameter of 0.54-0.86λ over 
the given frequency range.  
 
Monostatic RCS of the structure, was evaluated, and results are shown in Fig 4.8 
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Fig 4.8 Power reflection coefficient for cylindrical Hilbert curve absorber 
 
As shown in Fig 4.8, the Hilbert curve structure provides more than 10 dB reduction in 
monostatic RCS from 8.2 to 12.6 GHz, for both polarizations. This corresponds to a 
fractional absorption bandwidth of 42%. This performance is achieved with absorber 
thickness of only 0.11λ (at centre frequency). Furthermore the cylinder radius is 
smaller than the wavelength , hence an absorber designed for a planer surface will not 
usually work for this case[47]. However the Hilbert curve absorber gives good 
performance even for cylinder with diameter much less than a wavelength. 
 
Fig 4.9 illustrates that electric field is concentrated in the cylindrical shell formed by 
Hilbert curves, resulting in strong absorption, hence considerable reduction in RCS. 
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Fig 4.8  E field intensity (axial view) at 11GHz, Ex polarisation,  
 
 
4.2.7 Parametric Analysis of Hilbert Curve Terahertz Absorber 
 
To thoroughly study the Hilbert curve terahertz absorber discussed in the previous 
Chapter, sensitivity to variation in geometrical and material parameters, such as 
thickness and width of the curve, dielectric spacer thickness and permittivity, and 
conductivity of the ground plane were examined [21]. It must be noted that the Hilbert 
curve terahertz absorber discussed here is the same as one discussed in the previous 
Chapter. The Hilbert curve material in this case is always aluminium, so there is no 
compensation for change in the Hilbert curve cross section. The Hilbert curve 
resistance therefore changes with changing the thickness or width. 
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Fig 4.10 shows the absorption for three different widths of the Hilbert curves. It is 
clear that change in width (± 50%) has only a slight effect on the performance in terms 
of the peak absorption and bandwidth. Effect of change in Hilbert curve thickness is 
also examined and illustrated in Fig. 4.11 As in the case of width, change in thickness 
(± 30%) would affect the absorption only slightly. These two Figures reveal that the 
Hilbert curve is not particularly sensitive to the change of the width and thickness of 
the metal strip.  
 
As the Hilbert curve material is kept the same, changing either thickness  or width 
would change the Hilbert curve resistance and thus the impedance of  the Hilbert curve 
absorber layer. Besides the resistance, change in geometry would also effect the 
reactances of the Hilbert curve. 
 
The concept here is the same as that for the radar absorber, but the conditions are  less 
stringent. As it is a part of detector, our requirement is only  -3dB  absorption.  
Absorption of more than -3dB means Power reflection coefficient of less than -3dB, a 
condition which can satisfied by relatively wide range of the absorber impedance. On a 
Smith chart it would mean the impedance should lie within 0.7r of the centre, where r 
is the radius of smith chart. This would mean that the absorber is not very sensitive to 
the change either in thickness or width .In the case of radar absorber , where a Power 
reflection coefficient of less than -10dB is required, the allowed range of absorber 
impedance becomes relatively narrow, as explained in 4.2.2 
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Fig 4.10 Absorption (fractional power absorbed) for various values of Hilbert curve 
width (normal incidence. 
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Fig 4.11 Absorption (fractional power absorbed) for various values of Hilbert curve 
thickness (normal incidence. 
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Effects of spacer parameters were analyzed next. First effect of permittivity was 
investigated, and numerical results are shown in Fig 4.12. From the results it can be 
observed that lower permittivity gives broader bandwidth. The reason probably is that 
at lower permittivity the spacer characteristic impedance is closer to that of free space. 
As it was observed in the case of radar absorber, free space permittivity gives 
maximum bandwidth. 
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Fig 4.12 Absorption (fractional power absorbed) for various values of spacer permittivity 
(normal incidence) 
 
 
 
Besides permittivity, influence of the dielectric thickness was investigated as well. 
From the results shown in Fig 4.13 it is clear that the absorption band shifts to higher 
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frequency as dielectric thickness is reduces. This is what would be expected 
theoretically from the scaling properties of Maxwell’s equations. 
 
 Absorption bandwidth is slightly reduced when the thickness is varied from its design 
value because changing thickness of spacer changes the inductive admittance due to 
metal ground plane, which affects impedance matching of the structure to the free 
space. 
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Fig 4.13Absorption (fractional power absorbed) for various values of spacer thickness in 
µm (normal incidence 
 
Finally effect of the ground plane conductivity was analyzed. Two cases were 
considered; copper with conductivity of 58 MSm-1, and another fictitious material with 
conductivity of 1 MSm-1. Results are shown in Fig 4.14 
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Fig 4.14 Absorption (fractional power absorbed) for copper(58 MSm-1)and 1MSm-1 
ground planes(normal incidence) 
 
The results show that ground plane conductivity has little influence on the 
performance. It must be noted that 1MSm-1 represents a rather poor conductor. Hence 
as long as the ground plane is constructed from a good conductor, precise value of 
conductivity is of little consequence. 
 
The reason is simple, looking at the equation for a terminated  transmission line in 
[24], one can observe  that as long as the load impedance(in this case surface 
impedance of the ground plane) is much less than the characteristic impedance of the 
transmission line (in this case characteristic impedance of the dielectric spacer), the net 
impedance  observed will the same as in the case of a short circuited transmission line 
(in this case the spacer terminating in a PEC plane) 
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4.3 Conclusion 
 
Parametric analysis was carried out on the Hilbert curve microwave and terahertz 
absorbers. From the simulation results it was concluded that the Hilbert curve array 
absorber has a high tolerance to variations in the geometric parameters of the structure 
and dielectric parameters of the spacer. The only exception is the spacing between the 
ground plane and the Hilbert curve array.  
 
Furthermore, it was also observed that it is possible to extend the concept to absorbers 
for subwavelength cylindrical targets, with reasonably good results. 
 
In the case of the terahertz absorber the requirement was only 3dB absorption, which 
less stringent than 10dB absorption required for the radar absorber. Under this relaxed 
condition even the spacing between the ground plane and the Hilbert curve has only 
weak effect of the absorption bandwidth. 
 
It can be thus said that besides good performance another important advantage of the 
proposed Hilbert curve absorber is its robustness in terms of tolerance to the variations 
in the design parameters. 
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Chapter 5  
Plasmonic Cloaking for Subwavelength Objects with Various 
Geometric Shapes 
 
 
5.1. Introduction 
 
Cloaking of objects using artificial electromagnetic materials, also known as 
metamaterials, has been investigated over the last few years. There are basically three 
ways of concealing an object from electromagnetic waves, first to absorb the 
impinging signal [25-26], second to cancel out the scattered electric and magnetic 
fields of the object [28], and third to guide incoming waves around the object [29-31]. 
In the case of cancellation, mainly the spatial fundamental electric and magnetic dipole 
components of scattered field are cancelled [28,33].  
 
Cloaking makes an object completely invisible to an observer by manipulating the 
fields around the object in such a way that the resulting field pattern is same as it 
would have been with out the target being present. An absorber on the other hand 
simply absorb the incoming radiation, and the target can still be detected from the 
shadow that it casts due to absorption.  An example is an object covered with  radar 
absorbing screen and  placed between an airborne radar and the ground. Even though 
the object will absorb the electromagnetic wave, it will still be detected as it will cause 
a drop in the energy reflected from the ground due to absorption by target.   The object 
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will thus appear as a shadow region to the radar. If however, instead of absorption 
cloaking is used, the object will be completely transparent to the radar, and radar will 
receive the radar signal reflected by the ground without any effect due to the target. 
 
From the law of conservation of energy the radiation impinging on an object must be 
absorbed, scattered or diverted around the object. Cancellation of polarization doesn’t 
involve any absorption, hence the cancellation must result in the incoming wave being 
diverted around the object in such a way that at the receiver the wave should appear to 
be coming undisturbed from the source. It can therefore be claimed that field 
cancellation is also a form of cloaking [33]. 
 
Metamaterials are interesting for cloaking purposes because their electromagnetic 
properties are not restricted like those of natural materials. For instance negative 
permeability or permittivity in natural materials can be found only in a narrow 
frequency bands, and the losses are very high.  
 
Hiding a target from the radar by absorption is well established and extensively 
used[25,26] and has been discussed in the previous Chapters .The rest of the two 
techniques are however relatively new, and usually require use of metamaterials due to 
the required permittivities and permeabilities that are not easily available. 
 
Guiding the electromagnetic waves around the target is accomplished through using a 
cloak with such a permittivity/permeability profile that the incoming wave is diffracted 
around the object instead being scattered or reflected [29]. A cloaking problem can be 
considered as coordinate transformation [29,31,101]. For instance, if a target is to be 
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cloaked using a hollow cloaking shell. From a geometric point of view the problem 
can be interpreted  as the  transformation of  the space of hollow cloak to  the free 
space so that the hollow region remains invisible to incoming radiation[29,31]. This 
transformation can be achieved by transforming Maxwell’s equations, written for free 
space, to the new coordinates representing the cloak, which results in modification of 
the coefficients of Maxwell’s equations, which in turn could be represented by 
modified values for the constitutive parameters [30].  
 
Such an analysis was first performed initially to solve Maxwell’s equations in a non 
homogeneous medium in [30]. Later a metamaterial cloak which worked on the 
principle of transforming a hollow sphere to free space was proposed and theoretically 
analysed [29]. and very recently such a cloak was experimentally implemented [31] 
using split ring resonators (SRRs) and thin wires to create a cloak with the required 
values of tensor constitutive parameters.  
 
Radar signature reduction through coordinate transformation and cancellation of the 
incident fields was further considered analytically and numerically by many other 
researchers [109-119]. 
 
Cloaking can also be achieved through cancellation of the field generated by the target. 
This can be achieved mainly by two means; first to have a cloak with the polarizability 
equal and opposite to that of the target [28,102-104]; second to have a permittivity and 
permeability profile which will result in anomalous resonance either within the cloak 
or its vicinity [115]. Cloaking through anomalous resonance was first investigated in 
the case of a metamaterial hollow cylinder superlens, where it was realized that such a 
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lens would be invisible in the quasistatic limit (when the field gradient is low 
throughout the object) [115]. In both cases, the cloaking effect is achieved by having 
the net polarization equal to zero. Later it was shown that such a structure can cloak a 
collection of dipoles, provided that all the dipoles were within a certain radius [116].  
 
Cloaking by cancellation of the target polarization using plasmonic metamaterial cover 
was first investigated theoretically in [28], where a mathematical model of such a 
cloak was presented. Later the same authors extended the concept to a collection of 
particles [32]. However, only spherical (including fused spheres) objects were 
analysed. Extension of studies on plasmonic metamaterial cloaking to other 
geometrical shapes is the subject of this work.   
 
Metamaterial cloaks have also been implemented using inverse scattering element 
[117], superconductor based metamaterials for very low frequencies [118], and 
transmission line networks [119] . 
 
5.2 Theoretical Analysis 
 
Cloaking by simply having a cloaking shell with polarisation equal and opposite to the 
target is easy to understand. The idea is that the field generated by an object can be 
decomposed into spherical harmonics in spherical coordinates [28]. The lowest order 
spherical harmonics represent the electric and magnetic dipole terms, whereas the 
higher order terms represent the multipolar terms.  
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The spherical harmonics are Bessel functions combined with Legendre polynomials 
and sin/cosine functions. The radial dependence is given by the Bessel functions, 
whereas the other functions give angular and azimuthal dependence.  If the object is 
small compared to the wavelength, then, on the boundary of the object, regardless of 
the exact geometrical shape, the higher order terms of the Bessel functions will be 
much smaller than the first order terms, and can thus be neglected. The first order 
terms represent electric and magnetic dipoles. Therefore it can be claimed that electric 
and magnetic fields generated by subwavelength objects are roughly the same 
regardless of there  exact geometrical shape, with difference only in the strength of 
electric and magnetic dipole, which depends mainly on the dielectric properties of the 
object and surrounding material. For the reason explained above, the cloak parameters 
that have been obtained by A Alu and Engheta [33] for cloaking a metallic sphere, can 
also be used for other geometrical shapes, and this is central hypothesis of this work. 
 
Consider a sphere made of material with permittivity of ε which is coated with a shell 
of different material with permittivity εc. The condition for cancelling electric dipoles 
of scattered radiation is given by [28,33]. 
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where jn and yn are the spherical Bessel functions of order n, and apostrophe denotes 
differentiation with respect to the argument of the Bessel function. kc and k are the 
wavenumbers of the electromagnetic wave in the cover and object respectively. a and 
ac  are radii of the object and cloak respectively. For a subwavelength object the higher 
order terms can be neglected [28,33]. The condition for cancellation of dipole terms 
can be obtained by putting n equal to one in the equations above. For small arguments 
i.e. less than one, the first order spherical Bessel functions can be approximated as 
[120]. 
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Substituting (5.2)  into (5.1a) 
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After simplification one gets 
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The condition for cancellation of the magnetic dipole is  then obtained by replacing ε 
with µ in the equations above. In the case of non ferromagnetic metals, the condition 
for the cancellation of the electric dipole term can be approximated as [28,33]. 
 
For metals in microwave region 
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(5.5) will give a realizable value of radius only if εc < ε0. The required value of radius 
will either be imaginary (for εc > ε0 ) or zero (for εc = ε0) if this condition is not met 
[28,33]. 
 
Magnetic polarizabilities of subwavelength objects in which electromagnetic fields 
can’t penetrate are negative [33].  Thus having a plasmonic cloak with positive 
magnetic permeability, it is possible to cancel out both the electric and magnetic dipole 
terms of the scattered field [33].  In [33] the required values of cloak radius, 
permittivity and permeability are calculated numerically, as analytical methods given 
above work one term at time only [33], however they do give a rough idea of the 
required parameters. 
 
As explained earlier, the same concept can be extended to other geometrical shapes, 
provided they are much smaller than the wavelength of the incident wave.  
 
In this Chapter cloaking of metallic sub-wavelength cube and cylinder objects by 
isotropic, homogeneous plasmonic cover is investigated and numerically analysed. 
Significant reductions in both monostatic and bistatic RCS have been observed even in 
the presence of losses. In the case of a cube object, oblique incidence is also 
considered. Furthermore, cloaking of a rectangular bar has also been investigated. The 
cloak in all these cases is a spherical plasmonic shell, but with losses. The simulation 
results reveal that a lossy shell slightly degrades the cloaking performance; 
nevertheless the reduction in RCS is still sufficient for potential practical applications. 
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Effects due to variation of dimensions parallel and normal to the electric field on RCS 
were studied in detail. RCS was numerically evaluated for various values of length and 
width, both with and without the cloak. It was observed that significant reduction in 
RCS can be obtained for rectangular objects with a wide range of target dimensions, 
using a cloak which is designed for cloaking a conducting sphere. 
 
Further the bistatic RCS of a conducting sphere with radius equal to 0.2λ is compared 
with that of other uncloaked geometric objects. It was observed that the scattered fields 
of the cone, cylinder and cube are very similar, except in the direction parallel to the 
electric field  polarization, which is not very important for cloaking purposes, as the 
scattered field in this direction is very weak( As the scattered field is dominated by 
electric dipole term), and thus has no significant effect as far as cloaking is concerned. 
Furthermore it can be observed from the RCS of the uncloaked objects that the 
scattered field is dominated by electric dipole component in all of the subwavelength 
cases, i.e. the field is nearly uniform in the H plane, and in the E plane it has two 
minima along the axis parallel to E field.   
 
5.3    Simulations Setup and Results 
 
In this study the investigation of cloaking a cube, a cylinder, and a cone has been 
carried out, and in the case of a cube object, oblique incidence has also been 
considered. The cloak in all these cases is spherical plasmonic shell. The values for the 
length (in case of cube), height, and radius (in case of cylinder) are chosen such that 
the object just fits into the cloaking shell. The parameters (inner and outer radii, 
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constitutive parameters, and losses) are the same as those proposed in [33] for cloaking 
a metallic sphere. The inner and outer radii of the cloak are however normalized to the 
operating wavelength (25 cm).  
 
Cube, cone and cylinder were chosen for the investigation because they are 
representative of non spherical geometric shapes, whose all three longest dimensions, 
defined as three longest orthogonal lines that can fit into the object, are similar to that 
of a sphere. The idea is to use object with non spherical geometry, but with roughly 
same electrical and magnetic polarizabilities as the given sphere. Furthermore, the 
study of a fused sphere in [32] is extended to rectangular bar. In case of cloaking the 
bar, the parameters for cloaking shell inner and outer radii (normalized to operating 
wavelength) have been taken from [33]. The value of cloak permittivity given by (5.5) 
will work only to cancel out the electric dipole term. In order to cancel out both the 
electric and magnetic dipole terms a magneto-plasmonic cloak has to be used, with 
values obtained numerically, which has been done in [32,33]. The operating frequency 
chosen in this case is slightly lower (1.14 GHz rather than 1.2 GHz) than that used in 
the case of smaller objects, the reason is that frequency at which cloaking  is most 
effective moves to slightly lower frequency [32]. The spacing between the centres of 
the cloaking shell is chosen arbitrarily.  
 
Monostatic and bistatic RCS are evaluated using Ansoft HFSS , and compared to that 
of uncloaked objects. The operating frequency is selected to be 1.2 GHz (1.14 GHz in 
case of extended objects) 
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5.3. 1 Aluminium Cube 
Fig. 1 shows an aluminium cube covered by a plasmonic metamaterial shell. The outer 
radius of the shell is 57.5 mm and the inner one is 50 mm (0.2λ at 1.2 GHz. The 
relative permittivity of the shell is 0.1 and the relative permeability is 5.1.  Electric and 
magnetic loss tangents for lossy cloak are 0.15 and 0.1 respectively. The same 
constitutive parameters for the cloak have been used throughout this Chapter with the 
exception of the extended object. The dimensions of the cube are chosen such that it 
would just fit in the shell, i.e., the cube length of each side is 57.75 mm.  
 
 
Fig 5. 1 Spherical cover shell (outer radius rout = 57.5 mm and inner radius rin = 0.2λ = 50 
mm . εr(shell)=0.1 µr(shell)= 5.1,. k vector is along Y axis and E along Z axis. 
 
The matematerial shell structure was investigated with and without the dielectric and 
magnetic losses. Dielectric and magnetic loss tangents for the lossy shell were 0.15 
and 0.1 respectively. The k and E vectors were along the Y and Z axes respectively. 
Fig 5.2 illustrates that the monostatic RCS (normalized to the square of wavelength) is 
-4.4 dB without cloaking, -30.7 dB and -21.5 dB with lossless and lossy plasmonic 
shells respectively. Magnetic and dielectric loss tangents for the lossy cloaking shell 
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are 0.15 and 0.1 respectively. It can be  observed that monostatic RCS with the lossless 
plasmonic shell is 26 dB lower than that without cloaking, whereas for the lossy case, 
reduction is 17dB. The simulated results are close to that reported in [7] for the 
metallic sphere.  
 
 
(a) 
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(b) 
 
(c) 
Fig 5.2 RCS (both monostatic and bistatic), dB(σ/λ2),cube (cloak, δe=0.15, δm=0.1), (a) E 
plane (b) H plane (c) 3D view.  
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It is evident that significant cloaking has been achieved for the metallic cube. It also 
becomes clear that the effect of the dielectric and magnetic losses of the plasmonic 
shell is to degrade the RCS. By introducing dielectric and magnetic loss tangents of    
0.15, and 0.1 respectively, the monostatic RCS has increased by 9 dB. Losses will 
change the permittivity and thus field generated by the cloak, resulting in poorer 
performance. 
 
The maximum value of the bistatic RCS (normalized to the square of wavelength) for 
uncloaked and cloaked (lossy cloak) case is -4.4dB and -16dB respectively, meaning a 
reduction of 11.6 dB in the maximum bistatic RCS even in the presence of losses.  
 
The effect of incident angle of the incident wave has also been examined by rotating 
the cube by 45 degrees, first around the Z axis and then 45 degrees around the X axis. 
 
 
(a) 
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(b) 
Fig 5.3 RCS (both monostaitic and bistatic) at oblique incidence ,dB(σ/λ2), cube, 1.2 GHz 
(a) E plane (b) H plane .  
 
 
From Fig 5.3 it can be observed that in the case of oblique incidence the monostatic 
RCS (normalized to square of wavelength) is -4.1 dB without cloaking, and is –22.4 
dB with the lossy cloak. The monostatic RCS with lossy plasmonic shell is 18.3 dB 
lower than that without the shell. Moreover it can be concluded from the Fig 5.3 that 
maximum bistatic RCS has also decreased by 11.7 dB with the use of lossy plasmonic 
shell. 
5.3. 2 Aluminium Cylinder 
An aluminium cylinder with a height of 70 mm and a radius of 35mm was covered by 
the plasmonic shell with the same geometrical and material parameters as used in the 
cases above. The structure is shown in Fig 5.4.  
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Fig 5.4 Spherical cover shell (rout = 57.5 mm, rin = 0.2λ = 50 mm, εr = 0.1, µr = 5.1) and 
covered cylinder, cloak (r=35mm, h=70mm). k vector is along Y axis and E along Z axis.  
 
 
Far field patterns for cloaked and uncloaked cylinder are given in Fig 5.5. It can be 
observed that maximum bistatic RCS decreases by 13 dB. From Fig 5.5 it can be 
observed that for cylindrical metallic object too, the reduction in monostatic  RCS is 
17.9 dB even in presence of losses. 
 
From the results above, it can be concluded that the exact shape of cloaked object 
plays a minor role in the cloaking phenomenon, as long as the object is small 
compared to the incident wave wavelength. It is assumed that any subwavelength 
conducting object will be cloaked, by the cloak designed for a sphere, as long as the 
longest dimensions of the object is same as diameter of the sphere (in case of cube they 
are lines joining opposite corners), the basic idea being that electric and magnetic 
dipole polarizabilities have to be roughly the same as that of the sphere. 
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(a) 
 
(b) 
Fig. 5.5 RCS (both monstatic and bistatic),dB(σ/λ2),Cylinder(Cloak,δe=0.15, δm=0.1),(a) E 
plane(b) H plane. 
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Furthermore the study shows that the cloaking is not very sensitive to the dielectric and 
magnetic losses. It must noted the dielectric and magnetic loss tangents for the lossy 
cloak are 0.15 and 0.1 in all the cases unless otherwise specified 
5.3.3 Aluminium Cone 
The simulation was then repeated with cone. Base diameter of the cone is chosen to be 
50mm, and the height to be 75mm.  Monostatic RCS reduces by 15.8 dB, whereas 
maximum bistatic RCS was reduced by 9.7dB as shown in Fig 5.7 and 5.8. These 
reductions in the RCS are obtained even in the presence of losses. 
 
 
 
Fig 5.6 Cone with cloaking shell, εr= 0.1, δe=0.15, δm=0.1, µr=5.1, Axis of the cone is along 
Z axis, E field along Z axis, and k vector along Y axis. 
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Fig 5.7 Monostatic RCS of cone with and without cloaking 
 
 
 
 
 
 
(a) 
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(b) 
Fig 5.8 RCS dB(σ/λ2), (a) E and (b) H plane plots for the cone. 
 
5.3.4 Extended Object 
 
The study has been extended to the case where cloaked object is long (length not 
smaller than wavelength) in one dimension. However unlike the structure studied in 
[32], the cloaked object was not fused spheres, but a rectangular bar.  
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Fig 5.9  Long aluminium  bar (length = 400 mm, width = height = 56 mm, PEC surface 
assumed), cloaking shell (outer radius: 54.5mm,: inner radius 50mm, separation of 
centres of spheres: 58 mm) , εr =0.1, µr=5.1 dielectric loss tangent 0.015, magnetic loss 
tangent 0.01  
 
For this structure a low loss cloak was used. ε and µ were 0.1 and 5.1 respectively. 
Dielectric and magnetic loss tangents were 0.01 and 0.015 respectively. The cloak 
consisted of fused spheres with inner radius of 50mm, outer radius of 54.5mm, and 
distance between centres of adjacent spheres equal to 58mm.The aluminium bar was 
400mm long and had a square cross-section 56mm by 56mm. The K vector was along 
–Z axis. The frequency used was 1.14 GHz instead of 1.2 GHz. The bistatic RCS is 
shown in Fig 5.10 and 5.11 
 
As is evident from Fig 5.10and 5.11, good cloaking is achieved for E field polarization 
perpendicular to the bar (reduction in both monostatic RCS, and that maximum bistatic 
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RCS is 8.2 dB) , however for polarization parallel to the bar, the reduction in 
monostatic RCS is only 1 dB and that in  maximum  bistatic RCS is only 3dB. The 
reason is that for parallel polarization the dipole is long and the Quasistatic 
approximation doesn’t hold. 
 
 
(a) 
 
(b) 
Fig 5.10 RCS (both monostatic and bistatic), dB(σ/λ2), Bar (Cloak, δe=0.015, δm=0.01), 
E=Ex. ),(a) E plane(b) H plane 
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(a) 
 
 
 
(b) 
Fig 5.11 RCS (both monstatic and bistatic), dB(σ/λ2), Bar (Cloak,δe=0.015, δm=0.01), 
E=Ey. ),(a) H plane(b) E plane 
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5.3.5 Relative Size of the object and performance of the plasmonic cloak 
Discussion in the theory section concerned objects considerably smaller than the 
wavelength. As the wavelength increases the theory will no longer hold. In order to 
investigate the limit of the theory discussed in this work, the simulation was repeated 
for relative size of the object and cloak up to 1.07λ. Results are shown in Fig 5.12 
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Fig 5.12 RCS dB(m2), for varying relative size of the cube. 
In Fig 5.12 D stands for the diagonal length of the cube and inner diameter of the cloak 
(as both are equal). From the results it can be observed that the performance of the 
cloak degrades as the relative size of the object increases, and for relative size of more 
than λ there is practically no reduction the scattered power. Furthermore increased 
scattering for the uncloaked is observed at relative size of 0.9 λ, which is probably due 
to resonances determined by the shape and geometry of the object. 
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5.3.6 Parametric Analysis  
 
Furthermore, effect of change in target dimension and conductivity was analyzed as 
well. 
 
In order to study the influence of target dimension, simulation was done by varying 
one dimension of a subwavelength bar at a time. Maximum value of each dimension 
was such that it would fit into the cloak. The E field was along Z axis and the K vector 
along Y axis. The frequency chosen was 1.2GHz. The cloak used was the same as was 
used for the subwavelength cube, the cylinder, and the cone 
 
Fig5.13 and Fig 5.14 gives the monostatic RCS for the subwavelength aluminium bar, 
with and without the cloak. In this case E field is along the Z axis. It can be observed 
from these figures that good cloaking (i.e. reduction of 10dB or more in Monostatic 
RCS) can achieved as long as X&Y dimensions are above 30mm ,with Z dimension 
equal to 50mm. Similarly while keeping X & Y dimensions at 50mm, good cloaking 
can be achieved as long as the Z dimension is above 40mm. It should be noted that the 
cloak was actually designed for a sphere with diameter of 100mm (0.4λ). 
 
Furthermore Fig 5.13 and 5.14 show the cloaking to be more sensitive to variation 
dimension along the E field polarization. This is probably because the induced dipole 
moment primarily depends on the length of object along the direction of E field. 
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Fig.5.13 Monostatic RCS for subwavelength aluminium bar Vs Z dimension, X&Y 
dimensions constant  at 50mm 
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Fig.5.14: Monostatic RCS Vs X & Y dimensions, (Z dimension constant at 50mm)  
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The Simulation was then repeated for various values of target conductivities, ranging 
from 0.01 Sm-1 to PEC. The target chosen this time was conducting sphere with radius 
of 50mm, i.e. equal to the inner radius of the cloak.  
 
Values for Monostatic and maximum Bistatic RCS are shown in Fig 5.15 and 5.16. 
Values of RCS are given in m2. 
 
 
Fig. 5.15  Monostatic  RCS with and without cloak for various values of  target(inner 
sphere) conductivity 
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Fig. 5.16 Maximum bistatic RCS with and without cloak for various values of target 
(inner sphere) conductivity. 
 
From  Fig 5.15, it can be observed that, the plasmonic cloak designed for a sphere 
made of a good conductor, provides good performance for low conductivity sphere as 
well.  
 
The reduction in monostatic RCS is roughly the same i.e. between 14.6dB and 16.3dB, 
for conductivities down to 1Sm-1. Even for conductivity of 0.01 Sm-1, the plasmonic 
cloak provides a reduction of 7.6dB in monostatic RCS. This implies that the 
performance of the plasmonic cloak is not strongly affected by increased resistivity of 
the enclosed sphere. 
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In the Fig 5.16 simulation results showing values for maximum Bistatic RCS with and 
without cloak are shown. Results in Fig 5.15 imply that the plasmonic cloak performs 
quite well even in terms of reducing bistatic RCS.  
 
The reduction in the maximum bistatic RCS is roughly the same i.e. between 12.3dB 
and 13.7dB for conductivities down to 100Sm-1. Even for conductivity of 0.01 Sm-1, 
the plasmonic cloak provides a reduction of 8.9dB in maximum bistatic RCS. 
 
It’s clear from the results above that the performance of a plasmonic shell cloak is not 
very sensitive to the conductivity of enclosed sphere, and good cloaking, both in terms 
of monostatic and bistatic RCS is obtained even for quite low values of sphere 
conductivity. 
 
It may be noted that for conductivity of 100Sm-1, skin depth at 1.2GHz is 1.4mm, 
which is tiny fraction of sphere radius (50mm). Therefore for conductivity of 100Sm-1 
and above electric field doesn’t penetrate deep into the sphere, and the sphere behaves 
like a conducting sphere. Not surprisingly, there is little change in reduction of 
monostatic or maximum bistatic RCS down to conductivity of 100Sm-1.  
 
However in the case of conductivity of 0.01 Sm-1, skin depth is 140mm, which is more 
than the diameter of the sphere and the sphere thus behaves as a semi conducting 
object. But even in this case, plasmonic cloak provides good performance, though not 
as good as in the case of high conductivity spheres. 
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In case of a plasmonic cloak over a conducting sphere, the electric field is concentrated 
in the plasmonic shell [33]. In order to get further insight into effect of low 
conductivity on the above mentioned characteristic of the plasmonic cloak, electric 
field profiles were evaluated for two cases; PEC sphere, and sphere with conductivity 
of 0.01 Sm-1. Results are shown in Fig 5.17 and 5.18. 
  
 
Fig 5.17 E field profile [V/m] for PEC sphere enclosed in plasmonic cloak in YZ (E plane 
) plane.  
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Fig. 5.18 E field profile [V/m] for 0.01 S/m conductivity sphere enclosed in plasmonic 
cloak in YZ (E plane) plane.  
 
It can be observed from Fig 5.18, that even in case of sphere with very low 
conductivity, most of the energy is confined in the plasmonic shell, just as in the case 
of a PEC sphere. The confinement is however not as strong as in the case of a PEC 
sphere, as can observed by comparing Fig 5.17 and 5.18. The field in the cloaking 
shell outside 0.01Sm-1 cloaked sphere is weaker, indicating weaker confinement of 
incident field. 
 
This implies that even in the case of low conductivity, the behaviour of the plasmonic 
cloak doesn’t change fundamentally and most of the energy in concentrated in 
plasmonic shell and is diverted around the sphere, thus reducing the RCS. 
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5.4 Conclusion 
 
From the results above, it can be concluded that for objects which are small compared 
to the operating wavelength, and hence can be modelled as superposition of electrical 
and magnetic dipole good cloaking can be achieved using hollow shell of magnetic 
plasmonic material. It is further evident that the geometry of the cloaked object is of 
little consequence, as long as the  dimensions remain roughly  the same, the reason 
being that in case of these small objects the only important parameters are electrical 
and magnetic dipole moment, which primarily  depends on the dimensions in case of 
conducting objects. For the cube and cylinder, reduction in monostatic RCS was, even 
in presence of losses was 99%, whereas reduction in maximum Bistatic RCS for cube 
and cylinder was 92% and 95% respectively.  
 
In the case of extended objects, cloaking was achieved as long as the E field was 
directed along   dimension smaller than wavelength (8 dB reduction in maximum 
Bistatic RCS). For E-field directed along length of extended objects, cloaking effect is 
minimal (roughly 3dB). 
 
Thus the hypothesis that subwavelength objects could be modelled as a short electric 
dipole, with the dipole strength mainly depending on the dimension along E field, 
stands verified, provided the other dimensions are not very small, and therefore, such 
objects could be cloaked by a plasmonic shell. 
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Performance of plasmonic cloak designed for conducting sphere was numerically 
evaluated for spheres with various values of conductivity; ranging from 0.01 Sm-1 to 
PEC. It was observed that the plasmonic cloak gives quite good performance even for 
very low values of conductivities. Reduction in monostatic and maximum bistatic RCS 
in case of sphere with conductivity of 0.01Sm-1 was 7.6dB and 8.9 respectively. 
 
Furthermore field profile around 0.01Sm-1 cloaked object showed confinement of 
electric field inside the plasmonic shell just as it is the case with PEC sphere. 
 
It is thus concluded the plasmonic cloak designed for conducting objects, gives good 
performance even for sphere constructed of low conductivity material, and the cloak 
performance is not very sensitive to cloaked object conductivity. The cloak gives 
reasonably good performance even when the skin depth is larger than the diameter of 
the sphere, and the sphere can thus no longer be considered as good conductor. 
 
 From results above, it can be claimed that the plasmonic cloak can give good 
performance for a wide range of cloaked object dimensions, shapes and conductivities. 
Furthermore the sensitivity is less if the variation in dimension is not along the E field 
polarization.  The cloaking has thus high tolerance for variation in a cloaked object’s 
dimensions.  
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Chapter 6 
 Negative Group Velocities and Extraordinary Transmission 
in Artificial Plasmonic Structures 
 
 
 
6.1 Introduction  
 
One of the most exiting discoveries in the area of electrodynamics in recent years has 
been the artificial of artificial surface plasmons on textured metallic surfaces and bulk 
plasma waves in thin wire arrays [121,122]. Plasmonic waves are a type of surface 
wave [123]. Surface waves are those waves which travel along the interface of two 
materials [124]. 
 
Plasmonic waves occur naturally on the surfaces of materials with negative 
permittivity. The most common example of a negative permittivity material is a metal 
close to its plasma resonance frequency [125]. 
 
Plasmonic structures have several interesting applications. The reason is that 
plasmonic waves can be confined to a region smaller than the diffraction limit, and 
also plasmonic modes can create very strong electric fields [126-144]. Plasmonic 
structures are useful for Raman spectroscopy [127- 129]. The reason is that normally a 
Raman scattering signal is quite weak. Plasmonic modes increase the field strength in 
certain regions of the plasmonic structure. The sample can then be placed where the 
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electric field is strong, which will result in the amplification of  the radiation emitted 
by the sample [127-129].  
 
Other important areas of application for plasmonic waveguides are high speed inter 
connects [130-137], subwavelength lithography [138-141], and subwavelength 
imaging [24, 25]. In the case of lithography the main obstacle is the lower limit 
imposed on the feature size due to the diffraction limit [142,143]. A similar problem is 
encountered in fabricating closely placed optical interconnects, i.e. a minimum limit on 
the beam diameter, making it impossible to place two optical waveguides very close to 
each other. Plasmonic structures overcome these problems as they can focus 
electromagnetic fields below the diffraction limit [130-144]. Field confinement due to 
plasmonic modes also improves the performance of optical detectors [144] 
 
The problem with natural plasmonic materials is that they are available only in the 
visible and ultra violet bands. For lower frequencies artificial plasmonic structures are 
used [3] . 
 
Most common source of artificial plasmonic waves is a textured metallic surface [145-
157].  Usually such a structure consists of apertures drilled into a metal surface [145-
149] or corrugated surfaces and wires [155]. Surface plasmons can also be present on 
the surfaces on photonic crystals [158]. 
 
An interesting  feature of a aperture array plasmonic surfaces is near unity transmission 
of the incident light [1,2,4]. Furthermore our simulations of aperture array artificial 
plasmonic surfaces revealed regions of negative and super luminous group velocities 
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for normally incident waves. Both of these are discussed in the theory and result 
sections. 
  
Study of aforementioned phenomenon are very interesting theoretically.  The reason is 
that these phenomenon involve questions of relativity and causality. Superluminal and 
negative group velocity appear to violate relativistic (information should not propagate 
with superluminal velocity) and pre relativity causalities (cause should precede the 
effect) respectively. However careful examination reveals that causality is preserved, 
as the actual information velocity is still luminal or subluminal, as would be explained 
in the theory section below. 
 
6.2 Theory 
 
Plasmonic waves are a type of surface waves [123,124] . Surface waves were first 
investigated by Zenneck [124] in the case of radio waves travelling along the surface 
of the Earth. In order to get insight into plasmonic mode the characteristics of 
plasmonic waves in general are analyzed. In the case of ordinary waves, all the 
components of the wavevector k are real. The wavevector for an ordinary propagating 
wave has the following form. Similar treatments could be found in standard 
electrodynamics text books such as [123,159]. 
 
 
ˆ ˆ ˆx y zk k x k y k z= + +                                                        (6.1) 
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From the Maxwell equations the magnitude of vector k is defined by the permittivity 
and permeability of the material. Therefore in case of an interface between two 
materials, the following condition has to be satisfied on both sides of the interface 
(assuming one side of the interface is free space).  
 
 
 
 
0
2 2
0i
k k
k k
=
→ =∑                                                               (6.2) 
 
 
 
 
where k0 …   ki are the components of vector k. 
As all the components are real, the following condition is imposed by (6.2) on any ki 
 
 
 
0ik k≤                                                                           (6.3) 
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An upper limit on the value of k translates into a lower limit on the area in which the 
electromagnetic field can be confined, as the k vector represents the fields in the 
reciprocal space. 
 
Plasmonic waves have on the other hand at least one of the components of the k vector 
imaginary. A typical plasmonic mode has the following form of the k vector. 
 
ˆ ˆ ˆx y zk k x k y ik z= + +                                                          (6.4) 
 
The condition on maximum value of any component is no longer given by (6.3). The 
new condition can be derived using (6.4),  as follows. 
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2 2 2 2
0
2 2 2 2
0
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0,
x y z
x y z
x y z
k k k k
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k k k k
= + −
→ + = +
→ ≤ +
                                                   (6.5) 
 
 
 
 
There is no upper limit on the values of kx and ky, as along as value of kz is sufficiently 
high.  hence plasmonic modes can be confined to an arbitrarily small region. 
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There are two types of plasma wave on such structures; Localized surface plasmons 
and surface plasmon polaritons. 
 
Localized surface plasmons are generated by the modes inside apertures. These 
apertures act as metallic waveguides. A waveguide’s effective permittivity is negative 
below the cut off frequency. An array of waveguides would therefore support localized 
plasmonic modes below the cut off   frequency of the apertures [121-125].  
 
Surface plasmon polaritons are generated by the periodic variation in the surface 
constitutive parameters. For example a  periodic array of apertures in a metallic 
surface. Periodicity of the array results in periodicity of the fields near the surface as 
expected from the Floquet theorem for periodic structures.  
 
If the spacing between the apertures is much smaller than the wavelength  then the 
same periodicity will be imposed on the fields near the surface, as is the case of fields 
in a periodic structure. Smaller than wavelength spacing will mean value of kx and ky 
higher than ko, (with exception of zeroth order Floquet mode) which will result in a 
plasmonic wave on the surface. 
 
Normally it is not possible to couple a freely propagating incident wave to a plasmonic 
wave, as the transverse component of the k vector wouldn’t match. However in the 
periodic structure a mode can couple to another mode if their k vectors differ only by a 
multiple of the reciprocal lattice vector (obtained by taking Fourier transform of the 
lattice vector).  For simplicity an artificial plasmonic surface constructed from either a 
periodic array of aperture or corrugations, or any other periodic texturing is assumed.  
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An incident wave can be coupled to the plasmonic modes of Floquet order n and m on 
the surface, provided [123] 
 
sp x x yk k nG mG= + +
uuv uuv uuv uuv
                                                                   (6.6) 
 
where ksp is wavevector of the plasmonic mode, kx the x component of the incident 
wavevector, Gx and Gy are the x and y components of the reciprocal lattice vector of 
the plasmonic surface.  
 
An interesting feature of these structures is the near complete transmission of the 
incident wave. From the standard electrodynamics point of view sub wavelength 
apertures have very low transmittance [24]. However it has been observed that an array 
of such apertures gives extraordinarily high transmission [121]. This results from the 
tunnelling of the incident wave through the subwavelength apertures assisted by the 
surface plasmon polaritons [121,122]. The modes inside the subwavelength apertures 
are localized plasmons, as explained in the theory section, and tunnelling of the 
electromagnetic waves is due to these modes [122]. This tunnelling is enhanced due to 
surface plasmon polaritons [122]. 
 
 
6.2.2 Negative and Superluminal Group Velocities. 
 
Group velocity is usually considered to be the speed at which information and energy 
travel through a medium. Mathematically it’s defined as [24]. 
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g
dv
dk
ω=                                                                                              (6.7) 
 
Group velocity can be also written in terms of phase delay as below [44].  
 
g
g
kx
d dkx
d d
d x
d v
dv x
d
φ
φ
ω ω
φ
ω
ω
φ
=
→ =
→ =
→ =
                                                                                     (6.8) 
 
When considering phase it’s more convenient to use group delay, the time for 
information in a signal to travel from one point to another.  From the equation above, 
relation for a group delay can derived as follows. 
 
d
g
d
xG
v
dG
d
φ
ω
≡
→ =
                                                                                            (6.9) 
 
Obtaining group delay is then very easy from the S parameters, as the phase of the S21 
gives the phase delay from input to output. 
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For certain dispersive media the group velocity can be superluminal or negative, 
depending on how the phase delay φ varies with frequency [160-162]. This situation is 
very interesting as it appears to violate  the principle of causality. However in all of 
these cases the frequency range over which the group velocity is negative is very 
narrow. From the theory of Fourier transform this would mean the pulse would have to 
be very wide if negative group delay is desired. Furthermore for reliable transmission 
of information the distortion should not very high. This means that the group velocity 
doesn’t change very much over the frequency band of the input signal. This further 
reduces the available bandwidth and increases the minimum pulse width for which 
negative group velocity could be obtained.  Group delay basically gives the time taken 
by the peak of the signal to travel from one point to another point. If the pulse is much 
wider than the negative group delay, then it simply means that the signal peaks at the 
output before it does at the input [163-165]. The front of the pulse will still travel at 
luminal or subluminal velocity thus observing relativistic causality. It is the front of the 
pulse which conveys the information, and the speed at which this travels is always less 
than or equal to the speed of light [163-165] 
 
6.3 Structures 
 
In this work structures similar to that reported in [149] are investigated, and another 
different array of cylindrical coaxial apertures for anomalous high transmission and 
negative group velocities. In all of the structures, the apertures are in a 0.1mm thick 
aluminium sheet The structures are Sierpinski arrays of simple square apertures, 
coaxial square apertures and an array of coaxial cylindrical apertures with each unit 
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cell containing two small and two large apertures. The last structure is basically a 
modified Apollonian gasket.  The structures are shown in Fig. 6.1.    
 
Structure geometry was chosen such that the frequency range investigated here is just 
below the cut off of the apertures in order  to have maximum transmission while still 
remaining the stop band.  
 
Besides these two structures, another one based on an array of coaxial cylindrical 
apertures is also investigated. This structure is interesting as it exhibits negative group 
velocity with reasonably low transmission loss i.e. around -3dB.  
 
The first two structures give high transmission, most probably due to having same 
material i.e. on both sides of the structure, as the modes on both sides of the surface 
will be the same, improving coupling from one side to the other. In case of having one 
material on one side and another material on the second side would result in dissimilar 
surface mode structure on top and bottom surface of the structure. 
 
 
(a) 
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(b) 
 
 
(c) 
Fig. 6.1  a) Sierpinski array of  square apertures , unit cell size 18mm by 18mm b) same 
as a, but simple square apertures replace by annular square apertures with length of 
inner square being 3/4th of the outer square c) Modified Apollonian  gasket, Same unit 
cell size as a&b. centres of the large apertures located 4.1mm from the centre of the cell, 
outer and inner radii are 4mm and 3mm respectively, smaller apertures located at 
distance of 4.6mm from the centre , with outer and inner radii of 2mm and 1.5mm 
respectively. 
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6.4 Simulations and Results  
 
The structure was analyzed in HFSS, using periodic boundary conditions and Floquet 
ports. The  structure was assumed to be immersed in vacuum. 
 
The incident wave was modelled as a Floquet port above the structure. In order to 
evaluate transmitted power a second Floquet port was defined below the structure. The 
whole unit cell is 18mm by 18mm, large square has dimension of 6mm by 6mm, 
whereas the inner square inside the large square has dimension of 4.5mm. Smaller 
squares are scaled by 1/3. Structure has thickness of 0.1mm, and is constructed from 
Aluminium. Unit cell of the Structure is shown in Fig 6.1. Inner squares are absent in 
case of simple rectangular apertures. Numerical results for transmission are shown in 
Fig6.2 
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Fig 6.2    Transmission of normally  incident wave through  Sierpinski carpet array of 
rectangular(square) and coaxial (annular) apertures 
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The transmitted power is evaluated as sum of powers coupled to all the propagating 
modes on the other side. The results clearly show extraordinarily high transmission of 
the incident wave. In the case of coaxial apertures the transmission reaches above 57%. 
The structure reported in this work has vacuum on both sides. This symmetry is likely 
to help transmission of the incident wave. Symmetry of the structure means that  the 
same plasmonic modes are present on both sides of the surface, which enhance the 
coupling between the top and bottom modes and thus the transmission of the incident 
waves.   
 
 
 
 
 
 
Fig 6.3  Field patterns in the apertures of the Sierpinski carpet array  
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Fig 6.3 shows electric field density in the Sierpinski array of annular/coaxial square 
apertures. The result shows a field enhancement of 26 times (incident field intensity 
was set at 1V/m). This electric field enhancement is another hallmark of an aperture 
array supporting plasmonic waves. 
 
In the next step negative and superluminous group velocities were investigated. In the 
case of the Sierpinski carpet array the negative group velocity region had extremely 
low transmission i.e. below -20dB so is of little interest. The third structure based two 
large and two small coaxial cylindrical apertures unit cell showed a negative and 
superluminous group velocity regions where the transmission was around -3dB. This 
makes the structure very interesting as most of the negative group velocity structures 
have strong decay [164], but the structure presented here has attenuation of only 
around -3dB. Results for group delay and transmission for both the polarizations are 
shown in the Fig 6.4 and 6.5. Distance between the upper and lower Floquet ports is 
20mm. The structure in 6.1c was analyzed both in HFSS and CST in order to be more 
confident about the results, and can be observed from Fig 6.4 and 6.5 they are in good 
agreement. 
 
From the results in Fig 6.4 and 6.5 it can be observed that for Ey polarization the 
transmission is between -3dB and -3.4 dB. In this case the transmission band of the 
structure nearly coincides with the negative group velocity zone. In the case of Ex 
polarization the negative group velocity band lies well within the stop band. As can be 
observed from Fig 6.5 the transmission is less than -18dB throughout the negative 
group velocity zone. This asymmetry between different polarization is expected from 
the asymmetry of the structure. As the behaviour of an aperture array based plasmonic 
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structure depends on the interaction of artificial surface Plasmon polaritons and the 
localized plasmonic modes in the aperture, changing the aperture dimension would 
also change the response.  
 
As for the frequency bands with superluminous group velocities, they lie on the edges 
of the negative group velocity band. At points where the group delay switches from 
positive to negative, it would cross point of zero group delay, which means infinite 
group velocity. 
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(b) 
Fig 6.4 Results for Ex polarization for the structure shown in Fig 6.1c a) Group delay b) 
transmission . 
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(b) 
Fig 6.5  Results for Ey polarization for the structure shown in Fig 6.1c a) Group delay b) 
transmission  
Another important point that must be noted here is that the bandwidth over which 
group delay occures (Ey polarization) is less than 30MHz, which translates into a 
minimum pulse width of about 30nS. The pulse width is much wider than the negative 
group delay. This means as discussed in the theory section that in such a case negative 
or superluminal group velocities don’t imply violation of causality and relativity. 
 
For the Ex polarization, the bandwidth is less than 15MHz giving a pulse width of at 
least 60nS. The group delay however varies very rapidly with the frequency. If the 
relatively flat group delay region is to be used then the negative group delay is 1nS at 
the most, which is much smaller than the pulse width. 
 
 154
6.5 Plasmonic Surface Radar Absorber 
 
A radar absorber based on a waveguide array plasmonic structure was simulated. The 
array consists of holes of 5mm by 5mm with a period of 8mm in a material of 1.7S/m 
conductivity. Thickness of the structure is 5mm. Holes are filled with a dielectric with 
relative permittivity of 4. As the hole dimensions are below half wavelength, the 
modes inside the holes are below cut-off, and thus plasmonic. Unit cell of structure and 
results are shown below 
 
 
 
 
Fig 6.6. Unit cell of plasmonic absorber. 
In the results below RCS of a PEC plane covered by the array is compared to that of a 
PEC plane covered by simple layer of the same lossy material with the same thickness.  
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From the results it can be observed that the structure gives -10dB of absorption 
bandwidth from  6.9GHz to 13.2 GHz. It can also be observed from the results that the 
structured plasmonic gives much better results than a simple layer of same material 
with the same thickness. This implies role of plasmonic modes in absorption, i.e. that 
the likely dominant loss mechanism is coupling of the incident wave to lossy 
plasmonic modes. 
  
 
 
 
Fig 6.7. Power reflection coefficient  for the array and simple layer of lossy material. 
 
To further investigate the performance of the absorber, reflection data was obtained for 
oblique incidence as well. Results are shown in Fig 6.8 
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Fig 6.8. Reflection  coefficient for the oblique incidence. 
 
From the results it is observed that the proposed absorber not only given good 
absorption for normal incidence but also for oblique incidence. Moreover low 
reflection  for oblique incidence implies strong attenuation of the surface waves. 
 
6.6 Conclusion 
 
Two plasmonic structures were investigated for both evanescent and regular 
propagating waves. Numerical results good transmission over a wide bandwidth for 
both the structures and for both evanescent and propagating waves.  The coaxial 
aperture array gives much higher transmission for regular propagating wave. 
 
It can be inferred from the results that using symmetrical background i.e. have the 
same material will results in higher transmission. 
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Furthermore it was observed that certain plasmonic surfaces can give negative group 
delay with reasonably good transmission for normally incident wave. The structure 
would be very interesting for studying the interesting phenomenon of superluminous 
and negative group velocities, and it’s implications for the issues like causality and 
relativity. The trick for realizing a plasmonic structure giving negative and 
superluminous group delays with good transmission is to bring the transmission band 
of the structure close to the negative group velocity band. 
 
Finally a radar absorber based on lossy artificial plasmonic structure was investigated. 
It was observed that such structure gave -10dB absorption bandwidth of nearly one 
octave. 
 
 
 
 
 
 
 
 
 
 
 
 
 158
Chapter 7  
Conclusions and Future Works 
 
In this thesis metamaterial based absorbers and plasmonic structures were investigated. 
 
After an overview of the metamaterials, metamaterial absorbers were investigated in 
Chapters 3 and 4. A novel metamaterial absorber based on the resistive Hilbert curve 
array was proposed and analyzed [20]. It has been demonstrated that the two layer 
metamaterial Hilbert curve array constructed from resistive material can act as a thin 
wideband radar absorbing screen. One of the advantages of using the Hilbert curve 
over traditional circuit analogue radar absorbing screen is the smaller unit cell size, 
resulting in the elimination of the coupling to higher order  radiating Floquet modes 
and hence the diffraction effects, which in turn reduces reflection at oblique angles of 
incidence. The resistive Hilbert curve array gives much wider bandwidth than the 
conductive space filling curve based absorbing screen. Moreover it gives very good 
performance even at oblique angles. Furthermore the structure is simpler than a typical 
circuit analogue radar absorbing screen.  
 
Numerical results showed -10dB absorption bandwidth of nearly one octave, and even 
at oblique angles of incidence the absorber gave a wide absorption bandwidth. The 
aforementioned results indicated that smaller unit cell size of the absorber has 
suppressed diffraction lobes.  
 
Furthermore the concept was extended to terahertz frequencies, and a wideband, wide 
angle terahertz absorber based on resistive Hilbert curve array was also proposed and 
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analyzed numerically [21]. The simulation results show a wide absorption fractional 
bandwidth of more than 100% for normal incidence. The structure also works well for 
oblique incidence. For the 60° and 45° angles of incidence the -3 dB absorption 
bandwidths are still of more than 90%, which is much wider than any other terahertz 
absorbers reported to date. The peak absorption is also very high i.e. 98% for normal 
incidence and varies from 86% to 94% for oblique incidence. Furthermore the 
proposed structure is shown to have high tolerance for variation in design parameters 
 
In Chapter 5 plasmonic cloaking was investigated [22, 23]. The plasmonic cloak 
originally designed for a spherical target was used to cloak non spherical objects. From 
the results it was concluded that for objects which are small compared to the operating 
wavelength, and hence can be modelled as superposition of electrical and magnetic 
dipole, good cloaking can be achieved using  hallow shell of  magnetic plasmonic 
material. It was also evident that the geometry of the cloaked object is of little 
consequence, as long as the  dimensions remain roughly  the same, the reason being 
that in case of these small objects the only important parameters are electrical and 
magnetic dipole moment, which primarily  depends on the dimensions in case of 
conducting objects. For the cube and cylinder, reduction in monostatic RCS, even in 
the presence of losses was 99%, whereas reduction in maximum Bistatic RCS for cube 
and cylinder was 92% and 95% respectively. Furthermore limitation of the quasistatic 
approximation was also investigated and the cloak was analyzed for increasing target 
size in order to study the limitation of the concept. From the numerical results it was 
concluded that the cloak provides good cloaking when the object size is less than about 
0.6λ, and there is no reduction in the target radar signature once the object becomes 
larger than the wavelength. 
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In the case of extended objects, cloaking was achieved as long as E field was directed 
along the dimension smaller than wavelength (8 dB reduction in maximum Bistatic 
RCS). For E-field directed along the length of extended objects, cloaking effect is 
minimal (roughly 3dB only). 
 
Thus the hypothesis that the subwavlength objects could be modelled as combination 
of electric and magnetic dipoles, with the dipole strength mainly depending on the 
dimension along E field, stands verified, provided that the other dimensions are not 
very small, and therefore, such objects could be cloaked by a plasmonic shell. 
 
Furthermore the performance of plasmonic cloak designed for conducting sphere was 
numerically evaluated for spheres with various values of conductivity; ranging from 
0.01 Sm-1 to PEC. It was observed that the plasmonic cloak gives quite good 
performance even for very low values of conductivities. Reduction in monostatic and 
maximum bistatic RCS in case of sphere with conductivity of 0.01Sm-1 was 7.6dB and 
8.9 respectively. 
 
Furthermore field profile around 0.01Sm-1 cloaked object showed confinement of 
electric field inside the plasmonic shell just as it is the case with PEC sphere. 
 
It is thus concluded the plasmonic cloak designed for conducting objects, gives good 
performance even for sphere constructed of low conductivity material, and the cloak 
performance is not very sensitive to cloaked object conductivity. The cloak gives 
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reasonably good performance even when the skin depth is larger than the diameter of 
the sphere, i.e. when the sphere can no longer be considered as good conductor. 
 
From results above, it can be claimed that the plasmonic cloak can give good 
performance for a wide range of cloaked object dimensions, shapes and conductivities. 
Furthermore the sensitivity is less if the variation in dimension is not along the E field 
polarization.  The cloaking has thus high tolerance for variation in cloaked object’s 
dimensions.  
 
In Chapter 6 two plasmonic structures based on the Sierpinski carpet array were 
investigated for extraordinary transmission of the incident wave. Numerical results 
show a good transmission over a wide bandwidth for both the structures.   
 
A novel plasmonic structure based on an array of modified Apollonian fractal was 
investigated for negative group velocity.  It was observed that the structure gives 
negative group delay with reasonably good transmission for a normally incident wave, 
the structure has much higher transmission that a typical negative group velocity 
structure, as discussed in the previous Chapter.  The structure would be very useful for 
studying the interesting phenomenon of superluminous and negative group velocities, 
and is very interesting for its implications for the issues like causality and relativity. 
The trick for realizing a plasmonic structure giving negative and superluminous group 
delays with good transmission is to bring the transmission band of the structure close 
to the negative group velocity band. 
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Finally a radar absorber based on lossy artificial plasmonic structure was investigated 
in Chapter 6. It was observed that such structure gave -10dB absorption bandwidth of 
nearly one octave. The structure was constructed from array of lossy waveguides at 
frequency range below the cutoff. One of the possible absorption mechanisms is 
coupling of the incident wave to the lossy plasmonic modes. 
 
In summery a novel metamaterial absorber based on resistive Hilbert curve array is 
proposed and analyzed [20]. The objective was to realize a thin broad band 
metamaterial absorber which is not sensitive to the variation in design parameters, and 
gives good performance even at oblique incidence. The structure gave a wide 
absorption bandwidth [20]. The structure has a unit cell much smaller than the 
wavelength hence diffraction effects are eliminated [20]. In addition to the microwave 
absorber a terahertz absorber based on the same resistive Hilbert curve array concept 
was proposed and analyzed. The absorber provided much wider bandwidth than the 
standard absorbers [21].  
 
Both the microwave and terahertz absorber were also analyzed for oblique incidence 
and sensitivity to the variations in design parameters. From the results it was observed 
that the absorber performance is not very sensitive to the variations in the design 
parameters and has wide absorption bandwidth even at oblique angles of incidence. 
 
The objective of realizing a thin wide band radar absorber not sensitive to the variation 
in the design parameters was thus achieved. 
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The concept of plasmonic cloak was extended for the first time to non spherical 
subwavelength objects [22,23] and limitation of subwalength approximation was also 
investigated.  The objective was to cloak non spherical subwavelength objects using 
plasmonic cloak designed for spherical targets and to have an understanding of the 
limitation of the subwavength approximation for the purpose of plasmonic cloaking in 
terms of the target size. 
   
Cloaked targets of various sized and geometric shapes were analyzed in HFSS and 
from the results it was it was observed that a simple plasmonic cloaks works as long as 
the object is smaller than the wavelength. The objectives of extending the cloaking 
concept to non spherical object was thus achieved 
 
Furthermore work on artificial plasmonic structure gave interesting results.  The 
objective of work on the artificial plasmonic material was to realize plasmonic 
structures for wideband extraordinary transmission, negative group velocity, and 
plasmonic absorbers. Wide band extraordinary transmission band was observed for 
proposed plasmonic structure. Moreover a completely novel artificial plasmonic 
structure based on array of Apollonian fractal array of aperture in a conducting surface 
was analyzed and the results showed  the interesting phenomenon of  negative group 
velocity. Finally a novel plasmonic radar absorber was proposed and analyzed and the 
results showed a wide absorption bandwidth for the plasmonic radar absorber for 
normal and oblique incidence. 
 
The objective of realizing novel plasmonic structures for extraordinary transmission, 
negative group velocity and wide band plasmonic absorber was thus achieved. 
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7.2 Future Work 
Metamaterials are very promising for constructing absorbers and studying exotic 
electromagnetic phenomenon such as negative group velocity.  It will be interesting to 
extend the work presented in the thesis further. 
 
More work can be done on plasmonic cloaking for example studying multilayer cloaks 
for non spherical objects like cubes and cones, comparing it with performance of these 
cloaks with spherical targets. 
 
In the case of metamaterial absorbers, new structures based on other fractal such as 
Peano curve can be designed and investigated. Other option would be combine a 
Dallenbach screen with a Hilbert curve absorber to make the absorber even more broad 
band. 
 
The phenomenon of negative group velocity is also very interesting and can be 
investigated further. For example a periodic waveguide can be constructed by stacking 
the plasmonic surface, and inserting gain stages between them in order to compensate 
for the attenuation. Such structures will be interesting from relativistic point of view 
i.e. what consequences such structures will have for the issue information speed and 
causality. 
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